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THE  AERODYNAMIC  DESIGN  OF  AN 
ADVANCED  ROTOR  AIRFOIL 
By  James A. Blackwel l ,  Jr. and  Bobby  L. Hinson 
LOCKHEED-GEORGIA COMPANY 
SUMMARY 
An advanced r o t o r  a i r f o i l  has  been d e s i g n e d  u t i l i z i n g  s u p e r c r i t i c a l  a i r -  
f o i l  technology and  advanced design and analysis  methods. The design was 
accomplished  using a phys ica l -p lane,  v iscous ,  t ranson ic  inverse  des ign  pro-  
cedure,  and a c o n s t r a i n e d  f u n c t i o n  m i n i m i z a t i o n  t e c h n i q u e  f o r  o p t i m i z i n g  t h e  
a i r f o i l  leading-edge shape. Performance  analysis was accomplished  using a 
method  which  solves  the f u l l  p o t e n t i a l - e q u a t i o n  i n  a body-or ien ted  coord ina te  
system,  and includes  boundary  layer  d isplacement  ef fects.  The u n i f i e d   d e s i g n  
and analys is  methodology is  assessed as adequate for  the present  ro tor -sect ion 
design, and should be e x t e n s i b l e  t o  t h e  d e s i g n  of s e c t i o n s  w i t h  o p e r a t i n g  
c o n d i t i o n s  n o t  s i g n i f i c a n t l y  d i f f e r e n t  f r o m  t h o s e  c o n s i d e r e d  h e r e i n .  
The new a i r f o i l  was des igned sub jec t  to  s t r ingent  aerodynamic  des ign  c r i -  
t e r i a  fo r  improv ing  the  pe r fo rmance  ove r  the  en t i re  ro to r  ope ra t i ng  reg ime .  
The s e c t i o n  i s  p r e d i c t e d  t o  a c h i e v e  most of the aerodynamic performance ob- 
ject ives  which  ensure  an  improved  des ign.  The a i r f o i l  e x h i b i t s  l o w  p i t c h i n g -  
moment c h a r a c t e r i s t i c s  i n  s p i t e  o f  a small  amount o f  nose  camber.  Nose-droop 
was found   to   be   necessa ry   i n   o rde r   t o   ob ta in  a low-speed (k0.4) maximum 
l i f t  c o e f f i c i e n t  o f  1.5 .  The s e c t i o n  i s  p r e d i c t e d  t o  a c h i e v e  a d rag - r i se  Mach 
number o f  0.81 a t  z e r o - l i f t  c o n d i t i o n s .  The maximum t h i c k n e s s - t o - c h o r d  r a t i o  
o f  t h e  new a i r f o i l  i s  10%. 
INTRODUCTION 
The d e s i g n  o f  new a i r f o i l  s e c t i o n s  w i t h  improved  aerodynamic  performance 
f o r  use i n  h e l i c o p t e r  r o t o r s  has   p rog ressed   re la t i ve l y   s low   i n   t he   pas t .   Th i s  
l a c k  o f  r a p i d  p r o g r e s s  i s  due i n  p a r t  t o  t h e  c o m p l e x i t y  o f  t h e  r o t o r - s e c t i o n  
design  requirements.  The r o t o r  a i r f o i l  must y i e l d  good  performance  over a 
wide spect rum of  operat ing condi t ions such as those  ske tched  in  f i gu re  1 .  
Region I i s  r e p r e s e n t a t i v e  o f  o p e r a t i n g  c o n d i t i o n s  f o r  t h e  f o r w a r d  m o v i n g  
r o t o r   b l a d e   i n   f o r w a r d   f l i g h t .  The second r e g i o n   r e p r e s e n t s   c o n d i t i o n s   f o r  
t h e   r e t r e a t i n g   b l a d e   i n   f o r w a r d   f l i g h t .   R e g i o n  I f1  i s   i n d i c a t i v e   o f   r o t o r  
s e c t i o n   o p e r a t i n g   c o n d i t i o n s   f o r   t h e   h e l i c o p t e r   i n   h o v e r .  A second  reason 
fo r  t he  l ack  o f  ro to r  sec t i on  des ign  p rog ress  has  been the  l ack  o f  advanced 
a i r f o i l  concepts. A s  a resu l t ,   wo rk  to  i m p r o v e   r o t o r   s e c t i o n s   i n i t i a l l y  
t ook   t he   f o rm  o f   m ino r   mod i f i ca t i ons   t o   conven t iona l  NACA a i r f o i l s .  T y p i c a l  
o f  t h i s  t y p e  of research   i s   t ha t   d i scussed   i n   re fe rence  1. 
Recent ly,   several  new a i r f o i l  concepts  have  been  developed  that  indicate 
po ten t i a l  ga ins  i n  ro to r  pe r fo rmance  may be  poss ib le  i n  the  opera t i ng  reg ions  
o f  f i g u r e  1. For  example, i n  Region I s i g n i f i c a n t   p r o g r e s s  has  been made over  
t h e  l a s t  t e n  y e a r s  i n  i n c r e a s i n g  t h e  a i r f o i l  d r a g - r i s e  Mach number through  the 
app l i ca t i on   o f   l l peaky l l  and " s u p e r c r i t i c a l t '  a i r f o i l  t e c h n o l o g y .  E a r l y  a p p l  i- 
c a t i o n s  (1969) of s u p e r c r i t i c a l  a i r f o i l  t e c h n o l o g y  t o  r o t o r  a i r f o i l  d e s i g n  
( r e f .  2)  i n d i c a t e d  l a r g e  g a i n s  i n  d r a g - r i s e  Mach number was p o s s i b l e ,  w i t h  r e -  
s p e c t   t o   c o n v e n t i o n a l   a i r f o i l s ,   a t   l o w  l i f t  coe f f i c i en ts ,   Un fo r tuna te l y ,   t he  
max imum- l i f t   cha rac te r t s t i cs  (Region I t )  of t h i s  s e c t i o n   w e r e   d i s a p p o i n t i n g l y  
low. R e l a t i v e   t o   R e g i o n  1 1 ,  new a i r f o i l   d e s i g n s   b y  Wortmann ( r e f .  3 )  and 
Liebeck ( , ref .  4 )  have shown t h a t  t h e  maximum 1 i f t  o f  t h e  a i  r f o i  1 can be s i g -  
n i f i can t ly   inc reased  th rough  p roper   des ign .  These a i r f o i l s  a r e  n o t  s u i t a b l e ,  
however, f o r  r o t o r  a p p l i c a t i o n s  due t o  poor  performance a t  t h e  o p e r a t i n g  con- 
d i t i o n s  o f  Region t .  The work does i n d i c a t e ,  however, t h a t   t h e r e   i s   p o t e n t i a l  
fo r   improv ing   ro to r   per fo rmance  in   Reg ion  t I  t h rough   the   app l i ca t i on  o f  tech- 
nology  developed i n  t h i s  a r e a .  
Several  attempts  (.ref.  5 )  have Geen  made t o  syn thes i ze  the  above  advanced 
concepts  developed for  improving  the  performance  In a s i n g l e  r e g i o n  i n t o  a 
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i n  a c h i e v i n g  improved o v e r a l l  a i r f o i l  
adequate analyt ical  design and analys 
Over t h e  p a s t  f i v e  y e a r s ,  s i g n i f  
u n i f i e d  approach.  This  approach  would y i e l d  good per fo rmance over  the  en t i re  
h e l i c o p t e r   f l i g h t  regime.  This  work  has met w i t h  some success. The pr imary 
l im i t i ng  fac to r  i n  imp lemen t ing  the  syn thes i zed  des ign  approach  and, hence, 
performance  has  been  the  lack o f  an 
i s  methodology 
i c a n t  advances  have  been made i n  t h e o r e t -  
i c a l  methods fo r   t he   des ign  and a n a l y s i s  o f  a i r f o i l  s e c t i o n s .  Examples o f  
these are  the  v iscous ,  t ranson ic  des ign  program o f  Car lson  ( re f .  61,  t h e  a i r -  
f o i l - op t im iza t i on  p rog ram o f  Vanderp laa ts  and H i c k s  ( r e f .  7 ) ,  and the  v iscous,  
t ranson ic -ana lys is   p rogram  o f   Bauer ,   e t  a1 ( r e f .  8 ) .  The use o f   these ad- 
vanced a n a l y t i c a l  programs will s u b s t a n t i a l l y  i n c r e a s e  t h e  r o t o r - s e c t i o n  de- 
s igners chance of  develop ing a new a i r f o i l  t h a t  will b e s t  s u i t  h i s  p a r t i c u l a r  
he l i cop te r  m iss ion  and r e s u l t  i n  optimum rotor  per formance.  
I t  i s  t h e  o b j e c t i v e  o f  t h i s  r e p o r t  t o  p r e s e n t  r e s u l t s  on t h e  a p p l i c a t i o n  
o f  some  new methods t o  d e s i g n  a new r o t o r  a i r f o i l  on t h e  b a s i s  o f  a represent-  
a t i v e  s e t  o f  d e s i g n  c r i t e r i a .  Emphasis i n  t h i s  t a s k  i s  p l a c e d  n o t  o n l y  on 
a c h i e v i n g  s p e c i f i c  r e s u l t s ,  b u t  a l s o  on both developing and eva lua t i ng  the  
comple te   se t   o f  methods f o r   t h e  sample  case. The t o t a l  methodology i s  de- 
f i n e d  t o  i n c l u d e  t h e  d e s i g n  l o g i c  and the coupled use of  des ign and a n a l y s i s  
t o o l s  . 
The p r e s e n t a t i o n  o f  t h e  r e s u l t s  will p a r a 1  l e 1  t h e  o v e r a l l  r o t o r - a i r f o i  1 
d e s i g n   p r o c e d u r e   i l l u s t r a t e d   i n   f i g u r e  2 .  The d i scuss ion  will b e g i n   w i t h  an 
i n -dep th  desc r ip t i on  o f  t he  techno logy  e lemen ts  w i th in  the  des ign  p rocess  
necessa ry   f o r   accomp l i sh ing   t he   a i r f o i l   des ign .  The nex t   sec t ions  will de- 
scr ibe the development  of  the new r o t o r  a i r f o i l  r e s u l t i n g  f r o m  a p p l i c a t i o n  
of  the technology e lements,  a long wi th  the predic ted per formance character-  
i s t i c s   o f   t h e   a i r f o i l .   F i n a l l y ,   t h e   v a l u e   o f   t h e   d e s i g n   l o g i c ,   t h e  computer 
codes, and t h e  c o u p l e d  a p p l i c a t i o n  o f  t h e  two will be  assessed. 
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SYMBOLS 
. .. . ... -. . . . " ... . ._ "" 
P 
Subscr ip ts  : 
U 
m 
c o e f f i c i e n t s  and  exponents i n  equat ion  (1) 
a i r f o i l  chord, m 
s e c t i o n  d r a g  c o e f f i c i e n t  
s e c t i o n  l i f t  c o e f f i c i e n t  
l i f t - c u r v e  s l o p e ,  dCi/dcc 
sec t i on  p i t ch ing -moment  coe f f i c i en t  abou t  qua r te r  cho rd  
s e c t i o n  n o r m a l - f o r c e  c o e f f i c i e n t  
p r e s s u r e   c o e f f i c i e n t ,  (P-P,)/qm 
p r e s s u r e  c o e f f i c i e n t  f o r  l o c a l  Mach number o f  1.0 
boundary  layer   incompress ib le   form  factor  
f r e e s t  ream Mach number 
drag-r  i se Mach number (dCd/dM = 0.1) 
l o c a l  Mach number immediately  upstream  of   shock 
Mach number f o r  p i t c h i n g  moment b reak ,  o r  Mach tuck  
(dC,/dM = - .25) 
s t a t i c  p r e s s u r e ,  N/m2 
dynamic  pressure, N/m2 
Reynolds number based on freestream condit ions and a i r f o i l  
chord 
maximum t h i c k n e s s  o f  a i r f o i l ,  m 
v e l o c i t y  components i n  x ,  y d i r e c t i o n s ,  m/s 
coord inates  a long and  normal to  a i r f o i l  chord, m 
laminar   boundary   layer   t rans i t ion   loca t ion ,  m 
a i r f o i l  o r d i n a t e  a t  x = O ,  m (see  eq. ( 1 ) )  
angle o f  at tack,  degrees 
boundary  layer  displacement  . thickness, m 
camber o r  mean- l ine  
l ower   su r face ,   o r   l oca l  
t h i c k n e s s  d i s t r i b u t i o n  
upper surface 
f rees t ream cond i t i ons  
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ROTOR DESIGN OBJECTIVES 
I n  o r d e r  t o  g u i d e  t h e  d e s i g n  o f  a new, advanced a i r f o i l  f o r  r o t o r  a p p l i -  
c a t i o n ,  a syn thes i zed  se t  o f  des ign  ob jec t i ves  were  deve loped  u t i l i z i ng  the  
requi rements  for   advanced  ro tors   presented  in   re ferences 5, 9 and 10. The 
des ign  ob ject ives  have been d i v i d e d  i n t o  two  categories:  geometric  con- 
s t r a i n t s  and aerodynamic-performance objectives. 
Geometr ic Constraints 
I n  o r d e r  t o  a c h i e v e  a p r a c t i c a l  r o t o r - s e c t i o n  d e s i g n ,  t h e  f o l l o w i n g  
geomet r ic  cons t ra in ts  were  imposed: 
1 .  The a i r f o i l  shape  must be  as easy to   manufacture and ma in ta in  
i n  t h e  f i e l d  as  hapes c u r r e n t l y  i n  use. 
2. Minimum t / c  o f  10% - f r o m   s t r u c t u r a l   c o n s i d e r a t i o n s .  
3. A i r f o i l  t r a i l  ing-edge cu to f f   t h i ckness   g rea te r   t han  0.2% 
chord  but   less  than 0.5% chord. 
4. M i n o r   a i r f o i l   c o n t o u r   d e v i a t i o n s ,   t y p i c a l   o f   m a n u f a c t u r i n g  
to lerances,  and moderate  var ia t ions  in   leading-edge  roughness . 
s h o u l d  h a v e  n e g l i g i b l e  e f f e c t  on aerodynamic character is t ics .  
Aerodynamic Performance Objectives 
A p r i o r i t t z e d  l i s t  o f  aerodynamic performance objectives for the ad- 
vanced r o t o r   s e c t i o n   i s   g i v e n   i n   t a b l e  1. In   genera l ,   these  are  represent-  
a t i v e  o f  c r i t e r i a  f o r  an o u t e r  span a i r f o i  1 f o r  a medium-performance he1 i- 
copter  main rotor .  The f i r s t  p r i o r i  t y  p e r f o r m a n c e  o b j e c t i v e s  were t o  be 
s a t i s f i e d  as c l o s e l y  as poss ib le .  The second  and t h i r d  p r i o r i t y  o b j e c t i v e s  
were t o  have  appropr ia te ly  weaker i n f l u e n c e  on the  design. The sequence o f  
the  i temized numbers on   t he   ob jec t i ves   i n   t ab le  1 i s  a l s o  an i n d i c a t i o n  o f  
p r i o r i t y  - the  lower numbers h a v i n g  h i g h e r  p r i o r i t y .  To a s s i s t  i n  v i s u a l -  
i z ing  the  aerodynamic  per fo rmance ob jec t ives ,  most  ob jec t ives  are  graph ica l l y  
i l l u s t r a t e d  i n  f i g u r e  3. 
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AERODYNAMIC DESIGN CRITERIA 
As prev ious ly   ind icated,   severa l   advanced-a i r fo i l   concepts  have been 
deve loped  tha t  o f fe r  po ten t i a l  pe r fo rmance  ga ins  i n  one o f  t h e  r o t o r  o p e r a t -  
i n g   r e g i o n s   o f   f i g u r e  1. I n   t h i s   s e c t i o n ,  an at tempt  will be made to   syn the-  
s i ze  these  advanced  a i r f o i l  concep ts  i n to  a u n i f i e d  s e t  o f  aerodynamic  design 
c r i t e r i a  that,when  applied, will y i e l d  a ro tor  sect ion wi th  improved per foym- 
ance over  the  en t i  re  he1 i c o p t e r  f 1 ight  regime. As background to  the  presenta-  
t i o n  o f  t h e  aerodynamic  design c r i t e r i a  i n  each operat ing reg ion,  the per form- 
ance o f  e x i s t i n g  a i r f o i l - c o n c e p t s  a p p l i c a b l e  t o  r o t o r c r a f t  will be discussed 
t o  assess  the  meri ts and  weaknesses o f  each  concept. The re la t i ve   pe r fo rmance  
us ing  the  t ranson ic  ana lys i s  p rog ram o f  c h a r a c t e r i s t i c s  were determined 
reference 8. 
The a i   r f o i  1s chosen f o r   t h  
o NACA 0010 a i r f o i l  
o NACA 64A010 a i r f o i  
i s  background  concept-comparison  are: 
1 
o NASA 11% s y m m e t r i c a l   s u p e r c r i t i c a l   a i r f o i l  
o FX69-H-098 a i  r f o i  1 
All o f  t h e  s e l e c t e d  a i r f o i l s  a r e  a p p r o x i m a t e l y  10% t h i c k  w i t h  t h e  e x c e p t i o n  
o f   t h e  11% s u p e r c r i t i c a l  a i r f o i l .  Sketches o f   t h e s e   a i r f o i l s   a r e   p r o v i d e d  
i n  f i g u r e  4 and a comparison o f  t h e  a i r f o i l  s l o p e  d i s t r i b u t i o n s  i s  g i v e n  i n  
f i g u r e  5. The NACA 0010 a i r f o i l  i s  r e p r e s e n t a t i v e  o f  a i r f o i l s  used  on r o t o r s  
up u n t i l  t h e  l a s t  decade,  and e x h i b i t s  good p e r f o r m a n c e  c h a r a c t e r i s t i c s  i n  
a l l   t h r e e   o p e r a t i n g   r e g i o n s .  The NACA 64A010 a i r f o i  1 i s  r e p r e s e n t a t i v e  o f  
a i r f o i l  s e c t i o n s  d e s i g n e d  t o  p r o m o t e  e x t e n s i v e  r e g i o n s  o f  l a m i n a r  f l o w  o v e r  
t h e  f o r w a r d  p o r t i o n  o f  t h e  a i r f o i l  and,  hence,  reduce  the a i r f o i  1 p r o f i l e  
drag. The NASA 11% s y m m e t r i c a l   s u p e r c r i t i c a l   a i r f o i l   ( r e f .  2)  was developed 
i n  1969 t o  improve the  h igh-speed/ low- l i f t  per fo rmance o f  ro to r  sec t ions  us ing  
t h e  s u p e r c r i t i c a l  a i r f o i l  c o n c e p t s  d e v e l o p e d  by D r .  R. T. Whitcomb o f  NASA. 
The  FX69-H-098 a i  r f o i  1 was developed  by D r .  F. X .  Wortmann ( r e f .  5 )  i n  an 
a t t e m p t  t o  improve r o t o r  s e c t i o n  p e r f o r m a n c e  i n  a l l  t h r e e  o p e r a t i n g  r e g i o n s .  
The  assessment o f  e x i s t i n g  a i r f o i l  p e r f o r m a n c e  and t h e  d i s c u s s i o n  o f  
t he  ae rodynamic  des ign  c r i t e r i a  will be d i v i d e d  i n t o  t h r e e  p a r t s  w h i c h  a r e  
c o n s i s t e n t  w i t h  t h e  t h r e e  o p e r a t i n g  r e g i o n s  i n  f i g u r e  1 .  
Region I - High Mach Number/Low L i  f t  
E x i s t i n g  A i r f o i l  P e r f o r m a n c e  Assessment. - A comparison o f  t h e  t h e o r e t i -  
ca l  pe r fo rmance  cha rac te r i s t i cs  for  t h e  a i r f o i l s  shown i n  f i g u r e  4 a t  t y p i c a l  
Region I d e s i g n   c o n d i t i o n s   i s   p r e s e n t e d   i n   f i g u r e  6 .  Ana lys i s   o f   t he   da ta  
i n d i c a t e s  t h a t  t h e  l o w e s t  v a l u e  o f  d r a g  c o e f f i c i e n t  was o b t a i n e d  f o r  t h e  
11% s u p e r c r i t i c a l  a i r f o i l .  T h i s  i s  due to  t h e  a i r f o i l  h a v i n g  a shock wave 
s u b s t a n t i a l l y  weaker (Ms = 1.10) t h a n  t h e  o t h e r  a i  r f o i  1s (Ms = 1.20 t o  1.22). 
The c o n c l u s i o n  t o  be  reached  from  this  assessment i s  t h a t  i n  t h e  s p e c i f i c a t i o n  
o f  d e s i g n  c r i t e r i a  f o r  R e g i o n  I ,  t h e  c r i t e r i a  s h o u l d  be heav i l y  we igh ted  to -  
ward   superc r i t i ca l   concep ts .  
D e s i g n  C r i t e r i a .  - I n  t h i s  s e c t i o n ,  t h e  a e r o d y n a m i c  d e s i g n  c r i t e r i a  p e r -  
t i nen t   t o   ach iev ing   t he   ae rodynamic   pe r fo rmance   ob jec t i ves   i n   Reg ion  I (ob- 
j e c t i v e s  no. 3 ,  8, and 12 i n   t a b l e  I )  will be d iscussed.   Severa l   o f   these 
c r i t e r i a  a r e  i l l u s t r a t e d  i n  f i g u r e  7 i n  terms o f  t h e  r e q u i r e d  p r e s s u r e  d i s -  
t r i b u t i o n  shapes. The paragraph number of t h e   i n d i v i d u a l   d e s i g n   c r i t e r i a  
wh ich  fo l l ow  a re  keyed  to  the  numbers d e p i c t e d  i n  f . i g u r e  7.  
1. In order  to  achieve  good  drag-rise  characteristics, a rapid  change 
in  curvature  must  occur  near  the airfoiZ  Zeading-edge on both the 
upper and Zower airfoiZ surfaces. The presence o f  t h e  r e q u i r e d  l e a d i n g -  
edge cu rva tu re  i s  ev idenced  by  the  ’ l peaky ”  subc r i t i ca l  p ressu re  d i s t r i -  
b u t i o n   n e a r   t h e   a i r f o i l   e a d i n g - e d g e   ( f i g .   7 ( a ) ) .  A t  t ranson ic  speeds, 
t he  rap id  change in curvature produces supersonic expansion waves t h a t ,  
when a c t i n g  i n  c o n c e r t  w i t h  d e s i g n  c r i t e r i a  no. 2 ( to  f o l l o w ) ,  r e s u l t s  
i n  a nea r  i sen t rop i c  o r  i sen t rop i c  recompress ion  o f  t h e  s u p e r c r i t i c a l  
f low.  
The c h o r d w i s e  l o c a t i o n  o f  t h e  s u b c r i t i c a l  p r e s s u r e - d i s t r i b u t i o n  peak 
( f i g .   7 ( a ) )   i s   v e r y   i m p o r t a n t .  The c l o s e r   t h e   l o c a t i o n  o f  the  pressure-  
d i s t r i b u t i o n  peak t o  t h e  l e a d i n g  edge, the  h ighe r  the  d rag - r i se  Mach 
number will be. By moving  the  reg ion o f  r a p i d  c u r v a t u r e  c l o s e r  t o  t h e  
nose of t h e  a i r f o i l ,  a c o n s i d e r a b l e  r e d u c t i o n  i n  c u r v a t u r e  o v e r  t h e  
c r e s t  r e g i o n  o f  t h e  a i r f o i l  can  occur .   Th is   reduces  the  superveloc i t ies 
o v e r  t h e  c r e s t  r e g i o n  r e s u l t  i 
The magnitude o f  t h e  s u b c r i  t i  
I f  the  pressure  peak  is  too 1 
f o r w a r d  p o r t i o n  o f  t h e  a i r f o i  
ng i n  a de lay of t h e  d r a g - r i s e  Mach number. 
ca l   p ressu re  peak i s  a l s o  v e r y  i m p o r t a n t .  
arge, an adverse gradient  occurs over  the 
1 a t   r a n s o n i c  speeds.  Further, a sub- 
c r i t i c a l  peak t h a t  i s  t o o  l a r g e  may r e s u l t  i n  e x c e s s i v e  s u b c r i t i c a l  c r e e p  
drag  (ob ject ive  no.  12, t a b l e  I ) .  The c o r r e c t   l e v e l  Of s u b c r i t i c a l   P r e s -  
sure  peak i s  one that  produces a near f l a t  p r e s s u r e  d i s t r i b u t i o n  back t o  
the  shock a t  t r a n s o n i c  speeds ( f i g .  7 ( b ) ) .  
The e f f e c t  t h a t  t h e s e  c r i t e r i a  h a v e  o n  a i r f o i l  g e o m e t r y  i s  d e p i c t e d  i n  
f i g u r e  8. The l o c a t i o n s  o f  t h e  r a p i d  change o f  c u r v a t u r e  on t h e  a i r -  
f o i l  upper and lower  su r faces  tha t  a re  pe r t i nen t  t o  Reg ion  I are  denoted 
as p o i n t s  B and D respec t ive ly .   For   the   lower   sur face   the   rap id  change 
i n   c u r v a t u r e   i s   l o c a t e d   r i g h t   a t   t h e   a i r f o i l   l e a d i n g - e d g e .  On the  upper 
sur face ,  the  chordwise  loca t ion  o f  the  rap id  change i n  c u r v a t u r e  must 
be compromised w i t h  Region I I  d e s i g n  c r i t e r i a  ( t o  f o l l o w )  w h i c h  r e q u i r e s  
t h a t  p o i n t  B be loca ted  as f a r  a f t  as poss ib le .   For   the   cur ren t   des ign ,  
a compromise l o c a t i o n  o f  a p p r o x i m a t e l y  10% chord was se lec ted  fo r  t he  
upper  su r face  pos i t i on  o f  t he  rap id  change i n  c u r v a t u r e  and the  a t tendant  
s u b c r i t i c a l  p r e s s u r e  d i s t r i b u t i o n  peak. 
2. The surface Mach number preceding the shock waves on the upper and 
Zower a ir fo i l  sur faces  must be less than 1.16 a t  the design point f o r  
Region I (M=0.83, C,=O). The weak shock wave can  be obta ined  by  us ing 
"supercr i t i ca l "   des ign   concepts .  The mechanism  whereby the  shock 
s t reng th   i s   reduced   us ing   t h i s   concep t  i s  i l l u s t r a t e d   i n   f i g u r e  9. A 
s ing le  s t rong superson ic  expans ion  wave i s  genera ted  near  the  a i r f o i l  
lead ing  edge  by a rap id   inc rease  in   sur face   curva ture .   Through  p roper  
a i r f o i l  shaping,  the  expansion wave r e f l e c t s  f r o m  t h e  s o n i c  l i n e  as a 
compression wave, s t r i k e s  t h e  s u r f a c e ,  and r e f l e c t s  back  toward  the  sonic 
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l i n e  as a compression wave.  The compress i ve  e f fec t  f o l l ow ing  the  com- 
press ion  wave r e s u l t s  i n  a s u b s t a n t i a l  r e d u c t i o n  i n  Mach number preceed- 
ing   the   shock .   Us ing   th is   des ign   concept ,   the   s t rength   o f   the   shock  wave 
can be diminished t o  n e a r - i s e n t r o p i c  or to  an i s e n t r o p i c f l o w r e c o m p r e s s i o n .  
A f u l l  d i s c u s s i o n  o f  t h i s  s u b j e c t  can  be  found i n  r e f e r e n c e  1 1 .  
To obta in  the  favorab le  recompress ion  descr ibed above, t h e  a i r f o i l  shape 
f o l l o w i n g  t h e  r e g i o n s  o f  r a p i d  c u r v a t u r e  ( p o i n t s  B and D, f i g .  8) back 
to  t h e  a i r f o i l  c r e s t s  ( p o i n t s  C and E, f i g .  8) must  be  designed  such  that 
the   curva ture   in   these  reg ions   i s   m in imized.   Th is   can  be  achieved  by 
l o c a t i n g  t h e  a i r f o i l  c r e s t  ( a t  t h e  a n g l e  o f  a t t a c k  c o r r e s p o n d i n g  t o  
C k = O )  f o r  each sur face as f a r  a f t  as p o s s i b l e ,  
The e f f e c t s  o f  a p p l y i n g  t h i s  d e s i g n  c r i t e r i a  t o  t h e  a i r f o i l  geometry  and 
s lope  d iagram  is   demonstrated  in   f igure 8. As can  be  seen, a f l a t t e n e d  
e f f e c t  o c c u r s  i n  t h e  a i r f o i  1 geometry over regions B t o  C and D t o  E. 
The low  values of curva ture  in  these reg ions  can be  seen  f rom  inspect ing 
the slope diagrams. 
3. Th& pressure recovery foZ Zowing the shocks on the airfoi Z surfaces 
(fig. 7 ( b ) )  shouZd be miZd. Several  candidate  upper-surface  pressure- 
d i s t r i b u t i o n  shapes  and t h e i r  c a l c u l a t e d  ( r e f .  12) boundary- layer  char-  
a c t e r i s t i c s   a r e   i l l u s t r a t e d   i n   f i g u r e  10. Shape no. 1 i s  i n d i c a t i v e   o f  
t h e  t y p e  o f  d e s i g n  p r e s s u r e  d i s t r i b u t i o n  c u r r e n t l y  used  on s u p e r c r i t i c a l  
a i r f o i l s  f o r  t r a n s p o r t  a p p l i c a t i o n .  T h i s  shape prov ides  a  maximum 
amount o f  boundary- layer  ecovery  fo l lowing  the  shock. However, t h i s  
shape a l s o  r e s u l t s  i n  a de te r io ra t i on  o f  boundary - laye r  cond i t i ons  near  
t h e   a i r f o i l   t r a i l i n g - e d g e .  The geometr ic shape o f  t h e  a i r f o i l  upper 
sur face   tha t   p roduces   p ressure   d is t r ibu t ion   no ,  1 i s  one t h a t  has a 
l a r g e   s l o p e   a t   t h e   a i r f o i l   t r a i l i n g - e d g e .   P r e s s u r e   d i s t r i b u t i o n  no. 2 
i s   r e p r e s e n t a t i v e  of S t r a t f o r d - t y p e   ( r e f .  13) p ressure   recover ies .   Th is  
shape aggravates the boundary- layer  condi t ions near  the shock but  vast ly  
improves   the   cond i t ions   near   the   t ra i l ing-edge.   For   cond i t ions  where 
the  shock i s  s t r o n g e r  t h a n  t h a t  shown i n  f i g u r e  10, p r e s s u r e  d i s t r i b u t i o n  
no. 2 w o u l d  p r e c i p i t a t e  e a r l i e r  s e p a r a t i o n  a t  t h e  s h o c k .  T h e r e  i s  a l s o  
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a n  a t t e n d a n t  i n c r e a s e  i n  p r o f i l e  d r a g  (computed u s i n g  a Squi re and 
Young-type  expression)  for  'shape  no. 2. The upper   sur face  geometr ic  
shape tha t  co r responds  to  p ressu re  d i s t r i bu t i on  no .  2 i s  one t h a t  has 
a nea r   ze ro   t ra i l i ng -edge   s lope .   P ressu re   d i s t r i bu t i on   no .  3 appears 
t o  be the   bes t  compromise pressure  recovery.   Pressure  recovery  no.  3 
i s  a l so  h igh l y  des i rab le  f rom Reg ion  I I  des ign  cons ide ra t i ons ,  t o  be 
presented  la te r ,  wh ich  requ i re  the  boundary- layer  cond i t ions  near  the  
a i r f o i l  t r a i l i n g - e d g e  be as w e l l  behaved  as p o s s i b l e .  
4.  The fZow must remain attached over the entire air foiZ surface. 
5 .  To  achieve we22 behaved boundury-Zayer charac ter i s t ics  a t  the  air- 
foi Z t r a i  Zing-edge, t he   t ra i  Zing-edge pressure  coef f ic ient  shouZd be 
minimized as much as possibZe (more negative).  The aerodynamic  e f fec t  
o f  t h i s  r e q u i r e m e n t   i s   i n d i c a t e d   i n   f i g u r e  1 1  where s im i la r   upper -su r face  
p r e s s u r e  r e c o v e r i e s  w i t h  d i f f e r i n g  v a l u e s  o f  t r a i l i n g - e d g e  p r e s s u r e  c o -  
e f f i c i e n t  a r e  shown a l o n g  w i t h  t h e i r  accompanying ca lcu lated boundary-  
l a y e r   c h a r a c t e r i s t i c s .  As can  be  seen,  pressure  d ist i rbut ion  no. 1 has 
v a s t l y  s u p e r i o r  b o u n d a r y - l a y e r  c h a r a c t e r i s t i c s  n e a r  t h e  a i r f o i  1 t r a i  1 i n g  
edge. I t  i s  a l s o   i n t e r e s t i n g   t o   n o t e   t h a t   t h i s   i s   a c c o m p l i s h e d   w i t h   n o  
i n c r e a s e   i n   p r o f i l e   d r a g .  The geomet r i c   e f fec t   resu l t i ng   f rom  m in im iz ing  
t h e  t r a i l  i n g - e d g e  p r e s s u r e  c o e f f i c i e n t  i s  t h a t  t h e  t r a i  1 ing-edge included 
angle o f  t h e  a i r f o i l  b a s i c  t h i c k n e s s  f o r m  i s  r e d u c e d .  
6.  The airfoiZ traiZing-edge  bZuntness shouZd be Zess than one-haZf 
the boundary Zayer thickness at  the traiZing-edge. T h i s  c r i  t e r  i o n  ( r e f .  
14) ensures that excessive base drag due t o  t h e  b l u n t  t r a i l  i n g - e d g e  will 
n o t   o c c u r .   T h i s   c r i t e r i o n  i s  impor tant   o   achiev ing  aerodynamic  per-  
formance  object ive  no.  12 i n  t a b l e  1 .  
7 .  In order t o  achieve a Zow drag ZeveZ a t  Mach numbers beZow the on- 
s e t  of drag-rise (objective no. 12, tabZe I ) ,  the upper and Zower sur- 
face boundmy- Zayers must remain Zaminar back t o  approximateZy 30% 
chord. Since   subc r i t i ca l   p ressu re  peaks ( re f .   7 (a ) )   a re   requ i red   nea r  
the leading-edge to  achieve a h i g h  d r a g - r i s e  Mach number, i t  does n o t  
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appear that  aerodynamic performance object ive no. 12 can  be f u l l y  
ach ieved.   Th is   i s  due to   the   adverse   p ressure   g rad ien ts   assoc ia ted  
w i th  the  lead ing-edge pressure  peaks p r e c i p i t a t i n g  e a r l i e r  boundary- 
l a y e r   t r a n s i t i o n .   F u r t h e r m o r e ,   t h e r e   i s   c o n s i d e r a b l e   d e b a t e   w i t h i n  
t h e  h e l i c o p t e r  i n d u s t r y  as t o  whether or n o t  t h e  r o t o r - s e c t i o n  e n v i r o n -  
ment will even   pe rm i t   any   l eng th   o f   l am ina r   f l ow   to   occu r .  However, i f  
t h e r e  i s  a p o s s i b i l i t y  o f  ach iev ing  l am ina r  f l ow ,  eve ry  e f fo r t  shou ld  
be made to  limit t h e  h e i g h t  and s e v e r i t y  o f  the leading-edge pressure 
peaks w i t h o u t   d e g r a d i n g   t h e   d r a g - r i s e   c h a r a c t e r i s t i c s .  I t  should  be 
no ted ,  however  tha t  t he  f l ow  shou ld  be  tu rbu len t  p r i o r  t o  en te r ing  the  
shock waves ( f i g .  7 ( b ) )  i n  o r d e r  t o  m i n i m i z e  t h e  a d v e r s e  e f f e c t s  o f  
shock-wave/boundary-layer i n t e r a c t i o n .  
Region I I - Low  Mach Number/High L i f t  
E x i s t i n g  A i r f o i l  P e r f o r m a n c e  Assessment. - A comparison  of  the  low-speed 
h i g h - l i f t  t h e o r e t i c a l  a e r o d y n a m i c  c h a r a c t e r i s t i c s  f o r  t h e  a i r f o i l s  i n  f i g u r e  
4 i s   p r e s e n t e d   i n   f i g u r e  12. Th is   par t i cu la r   compar ison  i s  f e l t  t o  be   i nd i -  
ca t i ve   o f   t he   seve ra l   pe r fo rmance   requ i remen ts   g i ven   i n   t ab le  I f o r  Region I I .  
The d a t a  i n  f i g u r e  12 a r e  i n v i s c i d  s i n c e  t h i s  a n g l e  o f  a t t a c k  i s  s l i g h t l y  be- 
yond t h e  maximum l i f t  p o i n t  f o r  s e v e r a l  o f  t h e  a i r f o i l s .  A n a l y s i s  o f  t h e  
r e s u l t s   i n   f i g u r e  12 i nd i ca tes   seve ra l   impor tan t   f ac ts :  
1 .  As can  be  seen i n   f i g u r e   1 2 ( a ) ,  where the  upper  surface  leading- 
edge p r e s s u r e  d i s t r i b u t i o n s  a r e  shown, a l o c a l i z e d  r e g i o n  o f  t r a n s o n i c  
f low occurs near  the leading-edge o f  t h e  a i r f o i l s  t e r m i n a t e d  b y  s t r o n g  
shock waves (Ms = 1.6 to  2.2) .  As the  boundary - laye r  i n te rac ts  w i th  the  
shock wave, i t s  a b i l i t y  t o  n e g o t i a t e  t h e  remainder o f  the adverse pres- 
s u r e   g r a d i e n t   ( f i g .   1 2 ( b ) )   i s   c o n s i d e r a b l y  'weakened. O f  course,  the 
s t ronger  the shock the greater  the tendency o f  the  boundary  layer  to  
separate.  O f  t h e   p r e s s u r e   d i s t r i b u t i o n s   p r e s e n t e d   i n   f i g u r e  12(a), i t  
i s  o b v i o u s  t h a t  t h e  FX69-H-098 a i r f o i l  has  the  weakest  shock  (even 
though i t s  l i f t  c o e f f i c i e n t  i s  10% h i g h e r ) .  
I n  o r d e r  t o  m a x i m i z e  t h e  h i g h - l i f t  c h a r a c t e r i s t i c s  o f  a new a i r f o i l ,  i t  
i s  o b v i o u s  t h a t  t h e  a i r f o i l  must  be  designed t o  m i n i m i z e  t h e  s t r e n g t h  
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of  the  leading-edge  shock. From t h e  above cons idera t ions ,  i t  would 
appear  reasonab le  tha t  th is  will best  be achieved by b ias ing the leading-  
edge  shape  toward the  under ly ing  concepts  used in  the  deve lopment  o f  the  
FX69-H-098 a i   r f o i  1 ( r e f .  5 ) .  
2. The upper   su r face   p ressu re   d i s t r i bu t i on  for the  NASA 11% s u p e r c r i t i -  
c a l  a i r f o i l  o v e r  t h e  l a s t  20% o f  the  cho rd  i s  cons ide rab ly  more adverse 
r e l a t i v e  t o  t h e  o t h e r  a i r f o i l s .  T h i s  f e a t u r e  i s  u n d e s i r a b l e ,  due t o  t h e  
h ighe r   t endency   o f   t he   f l ow   to   separa te .   I n   add i t i on ,   t he   t ra i l i ng -edge  
p r e s s u r e  c o e f f i c i e n t  o f  t h e  NASA  11% s u p e r c r i t i c a l  a i r f o i l  i s  more pos i -  
t i v e  t h a n  f o r  t h e  o t h e r  a i r f o i l s ,  w h i c h  r e s u l t s  i n  a h i g h e r  p r o b a b i l i t y  
o f   t h e   f l o w   s e p a r a t i n g  as i t  approaches  the   t ra i l ing-edge.   Both   o f   the  
above  occurrences  can  be  traced t o  t h e  a i r f o i l ' s  l a r g e  i n c l u d e d  t r a i l i n g -  
edge ang le   ( see   f i g .  4 ) .  From these  observat ions i t  appears  that   he 
new design should minimize the adverse pressure gradients near the 
t r a i l i n g - e d g e  and t h e  t r a i l i n g - e d g e  p r e s s u r e  c o e f f i c i e n t  i n  o r d e r  t o  
de lay  t ra i l i ng -edge  separa t i on  and  thus a t t a i n  a h ighe r  va lue  fo r  t he  
maximum l i f t  c o e f f i c i e n t .  
3. The pitching-moments shown f o r  t h e  f o u r  a i r f o i l s  a t  a = 1 2 '  and M=0.4  
( f i g .  12) are  reasonably  low  indicat ing  that   aerodynamic  performance ob- 
j e c t i v e  no. 7 ( t a b l e  1 )   shou ld   eas i l y  be ob ta ined i f  the  new a i r f o i l  i s  
n o t  t o o  f a r  f r o m  t h e  a i r f o i l  c o n c e p t s  p r e s e n t e d  h e r e .  
D e s i g n  C r i t e r i a .  - The ae rodynamic  des ign  c r i t e r i a  fo r  Reg ion  I I o p e r a t i n g  
c o n d i t i o n s  will be p resen ted   i n   t h i s   sec t i on .   Seve ra l   o f   t he   ae rodynamic   c r i -  
t e r i a  t o  be d i s c u s s e d   b e l o w   a r e   i l l u s t r a t e d   i n   f i g u r e  1 3 .  The paragraph num- 
b e r s  o f  t h e  i n d i v i d u a l  d e s i g n  c r i t e r i a  w h i c h  f o l l o w  a r e  k e y e d  t o  t h e  numbers 
shown i n  f i g u r e  13. 
1. The Mach number  ahead of the Zeading-edge  shock shouZd be  Zess than 
1.4 at  the conditions corresponding to maximum l i f t  a t  M=0.40. For shock 
Mach numbers i n  excess o f  1.4, the   cond i t ion   o f   the   boundary   layer  i s  
s u b s t a n t i a l l y  weakened  and f l ow  separa t i on  occu rs  a t  t he  shock  ( re f .  151, 
o r  n e a r  t h e  a i r f o i l  t r a i l i n g - e d g e  t h e r e b y  l i m i t i n g  t h e  maximum l i f t  o f  
t h e  a i r f o i l .  To min imize   the   s t rength   o f   the   lead ing-edge shock a t  these 
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h i g h - l i f t l l o w - s p e e d  c o n d i t i o n s ,  " s u p e r c r i t i c a l "  d e s i g n  c o n c e p t s  s i m i l a r  
t o   t hose   d i scussed   fo r   Reg ion  I can  be  used.  This  approach was f i r s t  
recognized  by Wortmann ( r e f s .  5 and 16) .  
The mechanism that reduces the shock strength when s u p e r c r i t i c a l  d e s i g n  
concepts  are  used i s  sketched i n  f i g u r e  14. As can  be  seen, t h e  mechanism 
i s  t h e  same as t h a t  shown i n  f i g u r e  8 f o r  Region I .  As wi th   Reg ion  I ,  
maximum isentrop ic   recompress ion i s  ach ieved  for   Region I I  when t h e  c r e s t  
i s  as f a r  a f t  o n  t h e  a i r f o i l  as poss ib le .   Th is   i s   accompl ished  by   a l low-  
i n g  a l a r g e  change i n  c u r v a t u r e  to  occu r  beh ind  the  c res t  f o r  t he  h igh  
a n g l e  o f  a t t a c k  c o n d i t i o n .  T h i s  causes a v i sua l   " co rne r "   t o   occu r  on 
t h e   a i r f o i l .  (See p o i n t  B i n   f i g u r e  8.) 
2. The pressure distribution ahead of the Zeading-edge  shock shouZd be 
shaped t o  promote isentropic  recompression ( f i g .  1 3 ( a ) ) .  I n   o r d e r   t o  
achieve a l e v e l  o f  s u p e r v e l o c i t y  o v e r  t h e  f o r w a r d  p a r t  o f  t h e  a i r f o i l  
t h a t  c u l m i n a t e s  i n  a shock  s t rength  no  grea ter  than 1.4, t he  cu rva tu re  
o f  t h e  a i r f o i l  must  be  low  fol lowing  the  leading-edge.  This  gives  the 
appearance o f  a f l a t  o v e r  t h e  l e a d i n g - e d g e  r e g i o n  as shown i n  f i g u r e  8 
between p o i n t s  A and B. The u p p e r   s u r f a c e   d e s i g n   d i s t r i b u t i o n   i n   f i g u r e  
13(a)   cannot   be  achieved  wi th  a symmetrical a i r f o i l  i f  the  requirements 
f o r  Region I are   a l so   recogn ized .  The most powerful  geometric  parameter 
t h a t  can  be  used to  achieve the proper  des ign upper  sur face pressure 
d i s t r i b u t i o n  i s  nose  droop. 
3. Pressure recovery foZZowing the shock shouZd be designed t o  maintain 
attached fZow up t o  90% chord for the condition corresponding to m a x i m  
l i f t .  T h i s   c r i t e r i o n   i s   p a r t i a l l y   a c h i e v e d   b y   m o v i n g   t h e   a i r f o i l  maximum 
th i ckness   po in t  as f a r   f o r w a r d  as p o s s i b l e .   T h i s   r e s u l t s   i n   t h e   m a j o r i t y  
o f  f l o w  d e c e l e r a t i o n  t a k i n g  p l a c e  o v e r  t h e  f o r w a r d  p o r t i o n  o f  t h e  a i r f o i l  
where t h e   b o u n d a r y   l a y e r   i s   t h i n .  A forward  maximum-thickness  locat ion 
a l s o  a l l o w s  a s m a l l e r  i n c l u d e d  t r a i l i n g - e d g e  a n g l e  w h i c h  i n  t u r n  p r o -  
duces a more n e g a t i v e   t r a i l i n g - e d g e   p r e s s u r e   c o e f f i c i e n t .   T h i s  has the  
e f f e c t  o f  m in im iz ing  the  p ressu re  d rop  between the  lead ing  and t r a i l i n g  
edges  and  reduces  the  tendency o f  t h e  f l o w  to   separa te .  I t  should be 
n o t e d  t h a t  t h i s  c r i t e r i o n  i s  i n  c o n f l i c t  w i t h  t h e  d e s i g n  c r i t e r i a  o f  
Region I where i t  i s  d e s i r a b l e  t o  have  the maximum th ickness as f a r  
rearward  as  possible.   Obviously a compromise  must  be made. 
4. In order t o  achieve aerodynamic  performance objective no. 1, the 
design pressure distribution ( f i g .  13(b) )  must be constrained such that 
the pitching-moment c o e f f i c i e n t  i s  minimized. To achieve a low  value 
o f  t h e  p i t c h i n g  moment, t h e  amount o f  a i r f o i l  camber must  be  minimized 
and the  camber must  be l i m i t e d  t o  a f o r w a r d  r e g i o n  o f  t h e  a i r f o i l .  
A l t e r n a t i v e l y ,  r e f l e x  camber may b e  a p p l i e d  a t  t h e  t r a i l i n g  edge. No 
camber would o f  c o u r s e  be i d e a l ;  however,  as  noted e a r l i e r ,  a moderate 
amount o f  nose droop w i  1 I be requ i red  to  achieve aerodynamic perform- 
ance ob jec t i ve  no .  2. 
Region I l l  - Moderate Mach Number/Moderate L i f t  
E x i s t i n g  A i r f o i l  P e r f o r m a n c e  Assessment. - A comparison o f  t h e  t h e o r e t i -  
c a l  p e r f o r m a n c e  c h a r a c t e r i s t i c s  f o r  t h e  a i r f o i l s  i n  f i g u r e  4 a t  t y p i c a l  h o v e r  
condi t ions  (Region I l l )  i s  p r e s e n t e d   i n   f i g u r e  15. Th is   compar ison  is   repre-  
senta t ive  o f  aerodynamic  per fo rmance ob jec t ive  no. 5 .  
Analys is  of t h e  r e s u l t s  i n  f i g u r e  15 i n d i c a t e s   t h a t   t h e  FX69-H-098 a i r -  
f o i l  has t h e  l o w e s t  d r a g  c o e f f i c i e n t  of  the  
seen, t h e  FX69-H-098 a i  r f o i  1 has a very  smal 
which i s  i s e n t r o p i c a l l y  recompressed  without 
shocks are  present  on t h e  o t h e r  t h r e e  a i r f o i  
r e s u l t s  i n  f i g u r e  15 tha t   f o r   Reg ion  I l l  des 
f 
1 
o u r   a i r f o i l s  shown. As can be 
r e g i o n  o f  s u p e r c r i  t i c a l  f l o w  
a shock  whereas s i g n i f i c a n t  
s .  I t  would  appear  from  the 
gn, the   des ign   concepts   fo r   the  
new a i r f o i l  s h o u l d  be  biased  toward  the  concepts  used i n  d e s i g n i n g  t h e  
FX69-H-098 a i r f o i l  i n  o r d e r  t o  o b t a i n  a minimum d r a g  a t  M = 0 . 6 0 ,  C ~ = 0 . 6 0 .  
D e s i g n  C r i t e r i a .  - The a i r f o i l  ae rodynamic  des ign  c r i t e r i a  fo r  Reg ion  
I I I o p e r a t i n g  c o n d i t i o n s  a r e  i l l u s t r a t e d  i n  f i g u r e  16. The paragraph numbers 
o f  t h e  i n d i v i d u a l  d e s i g n  c r i t e r i a  w h i c h  f o l l o w  a r e  k e y e d  t o  t h e  numbers  de- 
p i c t e d  i n  f i g u r e  16. 
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1. In order t o  meet the target  drag ZeveZ of Cd= .0080 a t  M =  0.60 and 
Cg = 0.60 (aerodynamic performance objective no. 51, the  wave drag must 
be  virtwzZZy  zero. Wave-drag  minimization  requires that the  entire 
pressure  distribution  be  subcritical  or if supercritical  flow is  present 
then  the  flow  must  either  recompress  isentropically  or  the  shock  waves 
must  be  very  weak. 
2. The Zower surface pressure distribution shouZd be shaped t o  promote 
Zaminar fZow and hence reduce the airfoiZ profile drag. The  drag  co- 
efficient  level  of 0.0080 at M=0.60 and C , = 0 . 6 0  can  not  be  achieved 
without a substantial  portion  of  laminar  flow  over  the  airfoil  lower 
surface. 
3. The fZow must remain attached t o   t h e   a i r f o i  Z t r a i  Zing edge. 
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DESIGN AND ANALYSIS METHODOLOGY 
The aerodynamic  des ign  cons idera t ions  prev ious ly  d iscussed d ic ta te  the  
d e s i g n  o f  an a i r f o i  1 s e c t i o n  w i t h  good performance a t  c o n d i t i o n s  w h i c h  p r o -  
duce ex tens ive   reg ions  o f  s u p e r c r i t i c a l  f l o w  o v e r  t h e  a i r f o i l .  T h e r e f o r e ,  
the  required  theoret ical   design-and-analysis  methodology  must be a b l e  t o  
t r e a t   t r a n s o n i c   f l o w s .  A number o f  t r a n s o n i c  a i r f o i l  d e s i g n  and a n a l y s i s  
t e c h n i q u e s   a r e   c u r r e n t l y   a v a i l a b l e .  The des ign methods  can  be c l a s s i f i e d  
as e i t h e r  d i  r e c t  o r  i n v e r s e  p r o c e d u r e s .  
I n  a d i rect  des ign approach,  a m i n i m i z a t i o n  scheme i s  c o u p l e d  w i t h  an 
a n a l y s i s  method i n  o r d e r  t o  d e s i g n  a i r f o i l s  t h a t  a r e  i n  some sense op t im ized 
f o r  s p e c i f i c  f l i g h t  c o n d i t i o n s .  An e x t r e m e l y   v e r s a t i l e   d i r e c t   d e s i g n  method 
i s  c u r r e n t l y  under  development a t  NASA-Ames ( r e f .  7 ) .  The Ames o p t i m i z a t i o n  
technique  can be coup led  w i th  any t h e o r e t i c a l  a n a l y s i s  method;  however, the  
t r a n s o n i c   i n v i s c i d   a n a l y s i s  method o f  Jameson ( r e f .  17) i s  c u r r e n t l y  used 
s ince  a t ranson ic  v i scous  ana lys i s  module  would  be p r o h i b i t i v e l y  c o s t l y .  
V i scous  e f fec ts  wh ich  a re  ve ry  impor tan t  i n  t ranson ic  f l ow  a re  the re fo re  
neglected. A f u r t h e r  d i f f i c u l t y  e n c o u n t e r e d  i n  t h e  a p p l i c a t i o n  o f  t h e  Ames 
program i s  t h e  n e c e s s i t y  f o r  a n a l y t i c a l l y  d e f i n i n g  t h e  a i r f o i l  shape. The 
proper   cho ice   o f  shape f u n c t i o n s  i s  c r i t i c a l  t o  a successfu l   des ign.  
Inverse des ign methods  have  been formulated using both hodograph equa- 
t i o n s  ( r e f .  18) and  by so l v ing   t he   p rob lem  i n   t he   phys i ca l   p lane   ( re f s .  6 and 
19) .  Since  hodograph  fo rmula t ions   a re   app l i cab le   on ly   to   shock- f ree   f lows,  
t hey   a re   o f   l im i ted   use fu lness   i n   t ranson ic   des ign .   Fu r the rmore ,   t he  methods 
a r e  d i f f i c u l t  t o  implement  and  they  require  excessive  user  expert ise.   Physical-  
p l a n e   s o l u t i o n s   s u f f e r   c o m p u t a t i o n a l   d i f f i c u l t i e s   i n   t h e   l e a d i n g - e d g e   r e g i o n  
which are usual ly  avoided by prescr ib ing  the  geomet ry  in  the  f i r s t  few percent  
o f  t h e  a i r f o i l  c h o r d  and d e s i g n i n g  t o  a s p e c i f i e d  p r e s s u r e  d i s t r i b u t i o n  o v e r  
the  remainder. An a d d i t i o n a l  weakness o f   the   inverse   t ranson ic   des ign  method 
o f  r e f e r e n c e  19 i s  t h e  s m a l l  d i s t u r b a n c e  a p p r o x i m a t i o n  t o  t h e  f u l l  e q u a t i o n s .  
Car lson 's  method ( r e f .  61, however,  uses  the f u l l   p o t e n t i a l   e q u a t i o n   f o r m u l a t i o n .  
V iscous ef fects  are taken in to account  by des ign ing  a " f l u i d "  a i r f o i l  w i t h  a 
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t h i c k  t r a i l i n g  edge and then removing the computed displacement thickness t o  
y i e l d  t h e  a c t u a l  a i r f o i l  shape.  The Carlson  method i s  a l s o  easy to  use, 
y i e l d s  good r e s u l t s ,  and  computation  t ime i s  s m a l l .  
The approach that was se lec ted  for  des ign ing  the  rotor a i r f o i l  i n v o l v e s  
the  use 'o f  t he  Car l son  inve rse  method f o r  d e s i g n i n g  t h e  a f t  r e g i o n  o f  t h e  
a i r f o i l  ( a p p r o x i m a t e l y  t h e  a f t  85% chord)  and  use o f  t h e  Ames o p t i m i z a t i o n  
techn ique to  des ign  the  lead ing  edge  (where  v i scous  e f fec ts  a re  re la t i ve l y  
un impor tant ) .  
The t r a n s o n i c . v i s c o u s  a n a l y s i s  method o f  Bauer, e t  a1 a t  New York 
U n i v e r s i t y  ( r e f .  8) was s e l e c t e d  f o r  a n a l y s i s  o f  t h e  a i r f o i l  a t  d e s i g n  and 
o f f - d e s i g n  c o n d i t i o n s  because i t  i s  p robab ly  the  most w i d e l y  used  and  accepted 
v i s c o u s   t r a n s o n i c   a i r f o i l   a n a l y s i s  method. The program i s  e s s e n t i a l l y   t h e  
Jameson code  used i n  t h e  Ames op t im iza t ion  procedure  coup led  w i th  a Nash- 
Macdonald tu rbu len t   boundary   layer  method. The NYU method  has  proven t o  be 
f a i r l y  a c c u r a t e ,  i s  easy to use,  and  computations  are  inexpensive. 
I n   t h e   s e c t i o n s   t h a t   f o l l o w ,   t h e   i n d i v i d u a l  methods will be discussed 
i n  d e t a i l  and t h e n  t h e i r  c o m b i n a t i o n  i n t o  a u n i f i e d  d e s i g n  and ana lys i s  p ro -  
cedure will be presented. The p red ic t i ve   accu racy  o f  t h e   i n d i v i d u a l  methods 
i s  eva luated  in   Appendix  A .  An assessment o f  the  va lue o f  t h e i r  a p p l i c a t i o n  
i n  t h i s  e x e r c i s e  i s  a l so  i nc luded  a t  t he  conc lus ion  o f  the   ro to r   des ign  and 
eva 1 ua t ion  phase. 
T ranson ic -A i r fo i l   I nve rse -Des ign  Method 
An inverse  des ign  method a p p l i c a b l e  t o  a i r f o i l s  w i t h  s u p e r c r i t i c a l  f l o w  
regions which are terminated by shock waves has r e c e n t l y  been  developed by 
Car l son   ( re f .  6) a t  Texas A&M U n i v e r s i t y .   B r i e f l y ,   t h e  method invo lves   the  
s o l u t i o n  o f  t h e  f u l l  2-D p o t e n t i a l   e q u a t i o n  and boundary  condi t ions.  A 
s t r e t c h e d   C a r t e s i a n   c o m p u t a t i o n a l   g r i d   i s  used i n   t h e  method. The p o t e n t i a l  
equat ion  and b o u n d a r y  c o n d i t i o n s  a r e  w r i t t e n  i n  f i n i t e - d i f f e r e n c e  f o r m  and 
t h e  r e s u l t i n g  n o n l i n e a r  a l g e b r a i c  e q u a t i o n s  a r e  s o l v e d  by success i ve  l i ne  
ove r - re laxa t i on .   V i scous   e f fec ts   a re   t rea ted   by   us ing   t he  Nash-Macdonald i n -  
tegra l  boundary- layer  method t o  compute turbulent  boundary- layer  parameters.  
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As inpu t  t o  the  Car l son  p rog ram,  the  use r  spec i f i es  the  su r face  p ressu re  
d i s t r i b u t i o n ,  an assumed a i r f o i l  shape,  and the  f rees t ream f l ow  cond i t i ons .  
The p rog ram then  so l ves  fo r  t he  ve loc i t y  po ten t i a l  and  hence the  su r face  
slopes,  dy/dx=  (v/u)body.  Next, a four th   order   Runge-Kut ta  method i s  used 
t o  i n t e g r a t e  t h e  r e s u l t i n g  f i r s t - o r d e r  o r d i n a r y  d i f f e r e n t i a l  e q u a t i o n  t o  
y i e l d   t h e   s u r f a c e   o r d i n a t e s .  The a i r f o i l   o r d i n a t e s   t h u s  computed  are, i n  
genera l ,   t hose   o f   t he   " f l u id "   a i r f o i l ;   t ha t   i s ,   t hey   i nc lude   t he   boundary  
layer  d isplacement  h ickness, 6;:. The c o r r e s p o n d i n g   s o l i d   a i r f o i l   i s  gen- 
e ra ted  by subt rac t ing  the  d isp lacement  th ickness  ca lcu la ted  us ing  the  Nash- 
Macdonald  method  from  the f l u i d  a i r f o i l .  
The techn ique  ou t l i ned  above  can be used t o  d e s i g n  a l l  b u t  t h e  l e a d i n g -  
edge r e g i o n   ( t y p i c a l l y ,   t h e   f o r w a r d  10 t o  15%) o f  t h e  a i r f o i l .  The lead ing  
edge i s  no t  des igned  due t o  n u m e r i c a l  d i f f i c u l t i e s  a r i s i n g  f r o m  b o t h  t h e  
Car tes ian  computa t iona l  g r id  and the  l a rge  f l ow  and geomet r i c  de r i va t i ves  
tha t   occur   there .  The leading-edge  contour  f rom  the assumed i n p u t  a i r f o i l  
shape i s  used t o  p r o v i d e  t h e  i n i t i a l  v a l u e s  f o r  i n t e g r a t i n g  t h e  body  boundary 
c o n d i t i o n  d i f f e r e n t i a l  e q u a t i o n .  
A i  r f o i  1 Opt imizat ion Procedure 
Over the  past   severa l   years,   Hicks and h i s  c o - w o r k e r s  a t  NASA-Ames 
( r e f .  7) have  been  developing  and  applying an a i r f o i  1 op t im iza t ion  procedure .  
The procedure  permi ts  the  user  to  spec i fy  an aerodynamic quant i ty  to  be m i n i -  
m ized ,  re fe r red  to  as t h e  o b j e c t  f u n c t i o n ,  ( e . g . ,  a i r f o i  1 wave drag);  aero- 
dynamic o r  geomet r i c  cons t ra in t s  tha t  must  be  met  (e.g., t / c  and/or  minimum 
and maximum p i t c h i n g  moments); and parameters  that  may be adjusted.  The 
parameters  to  be  ad jus ted ,  re fe r red  to  as d e c i s i o n  v a r i a b l e s ,  a r e  u s u a l l y  
c o e f f i c i e n t s  o r  exponents i n  the  equa t ions  used  to  desc r ibe  reg ions  o f  t he  
a i r f o i l .  For  example,  an a i r f o i l  l e a d i n g  edge  upper  surface  might be repre- 
sented by 
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where  yo i s  t h e  o r d i n a t e  a t  x = O .  E i t h e r  t h e  an o r  bn or  combina t ions  thereo f  
can be the  dec is ion  var iab les  wh ich  are  ad jus ted  by  the  op t im iza t ion  procedure  
t o  m i n i m i z e  t h e  d e s i g n  o b j e c t i v e  w i t h o u t  v i o l a t i n g  c o n s t r a i n t s .  
A i r f o i l  o p t i m i z a t i o n  i s  a c c o m p l i s h e d  b y  u s i n g  a c o n s t r a i n e d  f u n c t i o n  
m in im iza t i on  scheme (CONMIN) developed  by  Vanderplaats  ( ref .  20) together  
w i t h  an i n v i s c i d  t r a n s o n i c  a i r f o i l  a n a l y s i s  method o r i g i n a t e d  by Jameson ( r e f .  
17) .  I n   t h e   o p t i m i z a t i o n ,  a s o l u t i o n   i s  computed f o r  an i n i t i a l  a i r f o i l  by 
Jameson's  method. The dec i s ion   va r iab les   a re   t hen   i nd i v idua l l y   pe r tu rbed  by 
CONMIN and a s o l u t i o n  computed f o r  each  per tu rba t ion .  The r e s u l t i n g  g r a d i e n t  
i n f o r m a t i o n  i s  used t o  compute the "search d i rect ion ' '  which will produce  the 
f a s t e s t   r e d u c t i o n   i n   t h e   o b j e c t i v e   f u n c t i o n .  The d e c i s i o n   v a r i a b l e s   a r e  
a d j u s t e d  a l o n g  t h i s  d i r e c t i o n  u n t i l  e i t h e r  a c o n s t r a i n t  i s  e n c o u n t e r e d  o r  
t he   ob jec t   f unc t i on   i nc reases .  A t  t h i s  p o i n t ,  a new s e a r c h   d i r e c t i o n   i s  com- 
puted and the   sea rch   repea ted .   Th i s   i t e ra t i on   con t inues   un t i l   t he   ob jec t  
f u n c t i o n  can  no  longer be reduced. 
The c a l c u l a t i o n  o f  s e a r c h  d i r e c t i o n s  and t h e  s e a r c h  i t s e l f  r e q u i r e s  many 
so lu t ions   by   the  Jameson program. The  number o f  these  so lu t ions ,  and  hence 
the computation costs, can be reduced by minimizing the number o f  dec i s ion  
v a r i a b l e s .   T h i s  can be accomp l i shed   by   l im i t i ng   t he   op t im iza t i on   t o  one 
p a r t  o f  t h e  a i r f o i l  such as the  leading  edge.  Also,  the  costs  can be re-  
duced  by  using a f a s t  aerodynamic  solut ion  method.  For  this  reason,  the 
i n v i s c i d  Jameson program i s  used i n  l i e u  o f  t h e  v i s c o u s  NYU code ( r e f .  8) 
i n  t h e  Ames op t im iza t ion   p rocedure .  The impact o f  n e g l e c t i n g  v i s c o u s  e f f e c t s  
can be m i n i m i z e d  b y  l i m i t i n g  t h e  o p t i m i z a t i o n  t o  t h e  l e a d i n g  edge reg ion  
where  the  boundary  layer   is   th in .  
Viscous Transonic Analysis 
The computer  program  released i n  1975 by  Bauer,  Korn,  Garabedian,  and 
Jameson o f  New York U n i v e r s i t y  i s  p r o b a b l y  t h e  most w ide ly  used  and  accepted 
v i s c o u s , t r a n s o n i c   a i r f o i l - a n a l y s i s  method. The method was developed  by com- 
b i n i n g  an i n v i s c i d  f i n i t e - d i f f e r e n c e  2-0 f u l l  p o t e n t i a l  e q u a t i o n  t r a n s o n i c  
p rogram (essent ia l l y  the  Jameson code  used i n  t h e  Ames op t im iza t ion  procedure)  
w i t h  a m o d i f i e d  Nash-Macdonald integra1,compressible~turbulent boundary-layer 
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technique. The r e s u l t i n g  a i r f o i l - a n a l y s i s  program i s  a p p l i c a b l e  t o  f l o w s  w i t h  
moderate strength shock waves (upstream .Mach number less than about 1.4) and 
i t  models the viscous uncambering caused by the presence o f  t u rbu len t  boundary  
l aye rs .  The in te rac tSon o f  the  shock  wave w i th  the  boundary  layer  and  any 
separa t i on   t ha t   m igh t  be  present   are  not   proper ly   taken  in to   account .   Never-  
theless,  the  program  has  proven t o  be  an e x t r e m e l y  u s e f u l  a i r f o i l - a n a l y s i s  
method. The u s e f u l n e s s   i s   t o  a l a r g e   e x t e n t  due to   the  e legant   problem  formu- 
l a t i o n  and so lu t i on   t echn ique   emp loyed   i n   t he   i nv i sc id   ca l cu la t i ons .   Spec i f i -  
c a l l y  t h e  S e l l s  t r a n s f o r m a t i o n  used i n  t h e  method r e s u l t s  i n  a body-or iented 
coord ina te  sys tem wi th  very  good g r i d  r e s o l u t i o n  i n  t h e  v i c i n i t y  o f  t h e  l e a d -  
ing  edge. The use o f  t h i s  c o o r d i n a t e  system,  together   wi th   the  use  o f   the 
f u l l  p o t e n t i a l m e q u a t i o n  f o r m u l a t i o n  and  exact  boundary  conditions,  produces 
v e r y  a c c u r a t e  i n v i s c i d  s o l u t i o n s  o v e r  t h e  e n t i r e  a i r f o i l .  The t u r b u l e n t  
boundary- layer  ca lcu lat ions have been ernpir i  
ment w i th  exper imenta l  observa t ions .  
Recent ly,  a  number o f  improvements  have 
The program or ig inators  developed a f a s t  e l l  
a l l y  a d j u s t e d  t o  g i v e  good agree- 
been made i n  t h e  NYU program. 
p t i c - e q u a t i o n  s o l v e r  and the  
means f o r  i n c l u d i n g  i t  i n  m i x e d  e l l i p t i c - p a r a b o l i c - h y p e r b o l i c  t r a n s o n i c  f l o w  
c a l c u l a t i o n s .  They also  developed a wave-drag c o r r e c t i o n  t o  t a k e  i n t o  a c c o u n t  
a spur ious mass source  occur r ing  a t  the  shock  wave due t o  t h e  use o f  a non- 
conserva t i ve   d i f f e renc ing  scheme. Lockheed-Georgi a Company researchers added 
laminar   (Thwai tes ,   re f .   21)   and  t rans i t iona l   (M iche i -Smi th ,   re f .  22) boundary- 
l aye r  methods bo th  to  pe rm i t  t he  
t o  improve p r o f i l e  d r a g  c a l c u l a t  
U n i f i e d  
ana 1 
Ions .  
Des i 
i s  o f  a i r f o i l s  w i t h  f r e e  t r a n s i t i o n  and 
Procedure 
The combinat ion of  the three methods prev ious ly  d iscussed in to a u n i f i e d  
d e s i g n   p r o c e d u r e   i s   i l l u s t r a t e d   i n   f i g u r e  17. The procedure was formulated 
t o  r e q u i r e  a  minimum of   user   p repared  da ta   card   inpu t .  The u n i f i e d  d e s i g n  
procedure was developed  for   execut ion on the CDC 7600 computer. The imple- 
menta t ion  o f  the  des ign  procedure  invo lves  the  fo l low ing  s teps :  
1 .  User spec i f ies   f low  cond i t ions ,   sur face   des ign   p ressures ,  and i n i t i a l  
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a i r f o i l  geometry.  The i n i t i a l  geometry  provides  the  prescr ibed  leading 
edge coordinates and a s t a r t i n g  p o i n t  f o r  t h e  d e s i g n  o f  t h e  a f t - e n d .  
The " f l u i d "  ( e q u i v a l e n t )  a i r f o i l  i s  computed using  the  Carlson  program, 
the d isp lacement  sur face removed,  and t h e  r e s u l t i n g  a i r f o i l  i s  saved  on 
an o n - l i n e  d i s k  f l l e .  
2.  Flow  condit ions  (e.g., M and a) a r e   s e l e c t e d   f o r   t h e   l e a d i n g  edge 
o p t i m i z a t i o n  phase.  These. may be  the same cond i t i ons  used i n  s t e p  ( 1 )  
o r  t h e  nose may be o p t i m i z e d  f o r  d i f f e r e n t  f l o w  c o n d i t i o n s .  The equat ions 
used t o  d e s c r i b e  t h e  a i r f o i l  l e a d i n g  edge,  the  object   funct ions,   and  the 
c o n s t r a i n t s   a r e   t h e n   s p e c i f i e d .  The a i r f o i l  geometry is   recovered  f rom 
t h e  d i s k - f i l e  and the opt imizat ion procedure then modi f ies the leading 
edge i n  o r d e r  t o  m i n i m i z e  t h e  o b j e c t  f u n c t i o n , s u b j e c t  t o  t h e  s p e c i f i e d  
c o n s t r a i n t s .  The m o d i f i e d  a i r f o i l  i s  t h e n  saved  on a d i s k - f i l e .  
3 .  The t ransonic ,v iscous  analys is  method i s  then  employed to   ana lyze   the  
performance o f  t h e  a i r f o i l  a t  s e l e c t e d  d e s i g n  and o f f -des ign  cond i t i ons .  
4. I f  t h e   p r e d i c t e d   p e r f o r m a n c e   o f   t h e   a i r f o i l   i s   n o t   s a t i s f a c t o r y   t h e n  
the  program  input   is   rev ised and the  des ign  phase  once  again  in i t ia ted.  
Th is  migh t  invo lve  repeat ing  the  en t i re  p rocess ,  o r  on ly  a por t ion  thereo f .  
For   example,   the  analys is   might   ind icate  that   on ly   the  leading edge i s  
unacceptable,  in  which case only  the leading edge o p t i m i z a t i o n  phase 
would be repea ted .   A l so   t he   ana lys i s   m igh t   i nd i ca te   t ha t   t he   des ign  
p r e s s u r e  d i s t r i b u t i o n  needs m o d i f y i n g  - the ent i re  p rocess  wou ld  then 
be repeated . 
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ROTOR SECTION DEVELOPMENT 
Design  Evolut ion 
The a i r f o i l  d e s i g n  was i n i t i a t e d  u s i n g  t h e  a e r o d y n a m i c  d e s i g n  c r i t e r i a  
p rev ious ly   fo rmula ted   fo r   Reg ion  I (h igh  Mach number / low- l i f t ) .   Reg ion  I was 
se1,ected fo r   the   in i t ia l   des ign   focus   over   Reg ions  I I  ( l ow-speed /h igh - l i f t )  
and I l l  (hover)   for   severa l   reasons.   F i rs t ,   the  Region I c r i t e r i a   i n f l u e n c e  
t h e   l a r g e s t   p o r t i o n   o f   t h e   a i r f o i l  shape.  Second, t h e   a n a l y t i c a l   a n a l y s i s  
methodology f o r  p r e d i c t i n g  a i r f o i l  p e r f o r m a n c e  r e l a t i v e  t o  t h e  a e r o d y n a m i c -  
per formance  ob ject ives  in   Region I i s   cons ide rab ly  more advanced  than  that 
f o r  Region I I (see  Appendix A ) .  L a s t l y ,  Region I I I aerodynamic  performance 
ob jec t i ves   a re   cons ide rab ly   l ower   i n   p r i o r i t y   t han   t hose   f o r   Reg ion  I .  The 
d e s i g n  c o n d i t i o n s  o f  M = 0 . 8 3 ,  C L = O ,  and R ~ = 8 . 3 x 1 0 ~  w i t h  l a m i n a r  boundary 
l a y e r  t r a n s i t i o n  f - i x e d  a t  5% chord  were  chosen t o  be i n d i c a t i v e  o f  Region I 
performance and representat ive of  aerodynamic-performance object ive no. 8 
( t a b l e  I ) .  Th is   des ign   cond i t i on  was se lec ted   s ince   the   a t ta inment  of ob- 
j e c t i v e  no. 8 will g e n e r a l l y  r e s u l t  i n  a c h i e v i n g  o b j e c t i v e  no. 3 .  
The f i r s t  t a s k  was to  deve lop  a d e s i g n  p r e s s u r e  d i s t r i b u t i o n  c o n s i s t e n t  
w i th  the  above  opera t l ng  cond i t i ons ,  t he  geomet r i c  cons t ra in t s  and  the  aero- 
dynamic  design c r i t e r i a  f o r  Region I .  The r e s u l t i n g   p r e s s u r e   d i s t r i b u t i o n  
used f o r   i n p u t   t o   t h e   C a r l s o n   d e s i g n   p r o g r a m   i s  shown i n  f i g u r e  18. The 
i n i t i a l  d e s i g n  d i s t r i b u t i o n  was se lected such that  a s y m m e t r i c a l  a i r f o i l  
would  be  produced. A s y m m e t r i c a l   a i r f o i l ,  i f  pract ica l ,   would  produce  zero 
p i t c h i n g  moments a t  z e r o  l i f t  and ensure the achievement o f  aerodynamic-per- 
formance o b j e c t i v e  no. 1. Fur ther ,  i f  zero camber can be maintained, a h ighe r  
d r a g - r i s e  Mach nqmber  can  be obtained. A comparison o f  t he  i npu t  p ressu re  
d i s t r i b u t i o n  w i t h  t h e  d e s i g n  c r i t e r i a  i l l u s t r a t e d  i n  f i g u r e  7 i n d i c a t e s  gen- 
e ra  1 agreement. 
A lso  requ i red  as input  to  the  Car lson  program is  a s t a r t i n g  a i r f o i l  shape. 
The a i r f o i l  chosen f o r  t h e  s t a r t i n g  s o l u t i o n  i s  i n d i c a t e d  i n  f i g u r e  19 along 
w i t h  i t s  computed (NYU) p r e s s u r e   d i s t r i b u t i o n   a t   d e s i g n   c o n d i t i o n s .  The i n p u t  
a i r f o i l  i s  s y m m e t r i c a l  and Is e f f e c t i v e l y  t h e  u p p e r - s u r f a c e  shape o f  t h e  
FX69-H-098 a i r f o i l  reduced i n   t h i c k n e s s .  A t h i ckness - to -cho rd   ra t i o  of 10% 
was se lec ted  s ince  i t  appeared  tha t  t h i s  was the maximum p e r m i s s i b l e  t h i c k -  
ness  cons is ten t  w i th  ach iev ing  an  0.81 d r a g - r i s e  Mach number a t  z e r o  l i f t  
(aerodynamic performance objective no. 3). 
The f i n a l  a i r f o i l  shape r e s u l t i n g  f r o m  s e v e r a l  a p p l i c a t i o n s  o f  t h e  
Car l son  inve rse  des ign  techn ique  i s  p resen ted  i n  f i gu re  20 a long  w i th  the  
computed (NYU) p r e s s u r e  d i s t r i b u t i o n s  f o r  o p e r a t i n g  c o n d i t i o n s  i n d i c a t i v e  
o f  Region I and  Region I I .  As can  be  seen, t h e   r e s u l t i n g   p r e s s u r e   d i s t r i -  
bu t i on   f o r   M=0 .83  and  Cg=O ( f i g .  2 0 ( b ) )  has a weaker  shock (M~=1 .19 )   t han  
t h e   o r i g i n a l   i n p u t   d i s t r i b u t i o n   ( f i g .  18). Furthermore, a comparison o f   t h e  
r e s u l t i n g  t r a n s o n i c  p r e s s u r e  d i s t r i b u t i o n  w i t h  t h e  a e r o d y n a m i c  c r i t e r i a  f o r  
Region I indicates  general  agreement. However, t h e   r e s u l t i n g   p r e s s u r e   d i , s -  
t r i b u t i o n  f o r  t h e  low Mach n u m b e r / h i g h - l i f t  c o n d i t i o n  i n d i c a t e s  a shock 
s t r e n g t h  i n  e x c e s s  o f  t h e  d e s i r e d  l e v e l  o f  MS 5 1.4. The s o l u t i o n  shown 
i n  f i g u r e  2O(c) i s  i n v i s c i d  s i n c e  a strong shock was expected and consider- 
ab le  separat ion  would be p r e s e n t  i n  a v i scous   ca l cu la t i on .  The a n g l e  o f  
a t t a c k  i n  f i g u r e  2O(c) i s  app rox ima te l y  tha t  wh ich  wou ld  y ie ld  Cg=1 .5  i n  
v iscous  f low i f  separa t ion  d id  no t  occur  ahead o f  90% chord. 
The c o n c l u s i o n  t o  be reached f rom the analys is  o f  the sect ion developed 
using the Car lson program was tha t  fo rward  camber, o r  nose  droop,  would  have 
t o  be a p p l i e d  i n  o r d e r  t o  r e d u c e  t h e  s h o c k  s t r e n g t h  a t  l o w - s p e e d / h i g h - l i f t  
o p e r a t i n g  c o n d i t i o n s  t o  a c c e p t a b l e  l e v e l s .  
S ince the Car l  son program cannot t rea t  t he  l ead ing -edge  reg ion ,  t he  Ames 
o p t i m i z a t i o n  program was used t o  m o d i f y  t h e  a i r f o i l  shape i n  f i g u r e  20-  Th is  
m o d i f i c a t i o n  was to  achieve the target  leading-edge upper-sur face Pressure 
d i s t r i b u t i o n  i n  f i g u r e  21. T h i s  d i s t r i b u t i o n  i s  c o n s i s t e n t  w i t h  t h e  d e s i g n  
c r i t e r i a  f o r  Region I I .  
I n  t h e  Ames p rog ram the  ob jec t  f unc t i on  se lec ted  fo r  m in im iza t i on  i n  
Region I I was t h e  a i r f o i l  d r a g  (wave drag) .  The f o l l o w i n g  c o n s t r a i n t s  were 
i rnposed : 
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Maximum v a l u e  o f  p e r m i s s i b l e  p i t c h i n g  moment 
Minimum v a l u e  o f  p e r m i s s i b l e  p i t c h i n g  moment 
Maximum va lue  o f  upper  sur face  suc t ion  peak 
G r a d i e n t  a f t  o f  s u c t i o n  peak 
Nose shape  would  have  no i n f l e x i o n  p o i n t s  ( c o n s t r a i n e d  by Y") 
CR = 1.5 
MS 5 1.4 
A i r f o i l  shape to be  unchanged a f t  o f  20% chord 
The equat ion  govern ing  the  leading edge  shape was i n d i c a t e d  i n  a p rev ious  
s e c t i o n   ( e q u a t i o n   ( 1 ) ) .  The d e c i s i o n   v a r i a b l e s   t h a t  were s e l e c t e d   f o r   v a r i -  
a t i o n   i n   t h i s   e q u a t i o n  were:  yo,  a3,  ah, b l ,  b2,  b3,  b4. (The c o e f f i c i e n t s  
a1 and a2 a r e  computed t o  m a i n t a i n  o r d i n a t e  and s l o p e  a t  t h e  a i r f o i l  match 
p o i n t . )  
C o n s i d e r a b l e  e f f o r t  was expended i n  f i n d i n g  t h e  p r o p e r  c o m b i n a t i o n  o f  
v a r i a b l e s  and cons t ra in ts  tha t  wou ld  min imize  the  wave drag and a t  t h e  same 
t ime   p roduce   t he   t a rge t   p ressu re   d i s t r i bu t i on  shape i n  f i g u r e  21. An i n t e r -  
mediate a i r f o i l  d e s i g n  r e s u l t i n g  f r o m  a p p l i c a t i o n  o f  t h e  Ames program i s  p r e -  
sented i n  f i g u r e  22.  This shape i s  o f  i n t e r e s t  because i t  meets the  Region I 
d e s i g n  c r i t e r i a  and  does not  have a lower   sur face  leading-edge  sp ike  ( f ig .  
2 2 ( b ) ) .  The Region I I performance shown i n   f i g u r e   2 2 ( c )   i n d i c a t e s   s u b s t a n t i a l  
improvement r e l a t i v e  t o  f i g u r e  2 0 ( c ) ,  b u t  does n o t  q u i t e  a c h i e v e  t h e  t a r g e t  
leve l   fo r   shock   s t rength .   A lso ,   the   lead ing-edge  p ressure-d is t r ibu t ion  shape 
d i f f e r s   f r o m   t h e   t a r g e t  shape ( f i g .   2 1 ) .  The p r e s s u r e   d i s t r i b u t i o n   i n d i c a t i v e  
of   hover  (Region I I I )  performance i s  p r e s e n t e d  i n  f i g u r e  2 2 ( d ) .  As can  be 
seen  the  shock f o r  t h i s  c o n d i t i o n  ( M ~ = 1 . 2 6 )  i s  s t r o n g  enough t o  produce  con- 
s i d e r a b l e  wave drag. 
I n  summary, t he  da ta  p resen ted  fo r  t he  i n te rmed ia te  a i r f o i l ,  us ing  the  
Ames program, i nd i ca tes  add i t i ona l  l ead ing -edge  d roop  i s  requ i red  to  fu r the r  
minimize  the  upper  surface  shock  strength  at   Region I 1  o p e r a t i n g  c o n d i t i o n s  
and to   m in imize   the   d rag   fo r   Reg ion  I l l  o p e r a t i n g   c o n d i t i o n s .  Some d e t e r i o -  
r a t i o n  i n  t h e  Region I performance  can be expec ted   w i th   inc reased nose  droop, 
however,  due t o  t h e  i n c r e a s e d  c u r v a t u r e  o v e r  t h e  a i r f o i l  u p p e r  s u r f a c e .  
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The f i n a l   a i r f o i l  shape r e s u l t i n g  . f r o m  a p p l i c a t i o n  o f  t h e  Ames o p t i m i -  
za t i on  des ign  p rocedure  i s  p resen ted  in  f i g u r e  23. A l i s t  o f  t h e  a i r f o i l  
c o o r d i n a t e s   i s   i n c l u d e d   a s   t a b l e  I I .  The coord ina tes   a re   reso lved  in to  a 
mean-1 i ne  and t h i c k n e s s  d i s t r i b u t i o n  and a r e  1 i s t e d  i n  t a b l e  I 1 1 .  The 
a i r f o i l  s u r f a c e  s l o p e  d i s t r i b u ' t i o n ,  mean-1 ine, and t h i c k n e s s  d i s t r i b u t i o n  
a r e  shown i n  f i g u r e  24. 
Design Eva1 u a t   i o n  - Performance  Object ives 
The bas ic  fo . rce and moment d a t a  f o r  t h e  new a i r f o i l  a r e  p r e s e n t e d  i n  
f i g u r e  25. Fo r  f l ow  cond i t i ons  where  no separa t ion  i s  present  and o n l y  weak 
shock waves occur ,  the  NYU program ( re f .  8 )  i s  used t o  compute the data.  
For a l l  o t h e r  c o n d i t i o n s ,  e m p i r i c a l  e x t r a p o l a t i o n s  o f  t h e  c a l c u l a t e d  d a t a  
a r e  made u s i n g  e x p e r i m e n t a l  r e s u l t s  f o r  s i m i l a r  a i r f o i l  s e c t i o n s  ( r e f s .  5 
and 2 3 ) .   S e l e c t e d   p r e s s u r e   d i s t r i b u t i o n s   f o r   o p e r a t i n g   c o n d i t i o n s   r e p r e -  
sen ta t i ve  o f  t he  va r ious  ae rodynamic  pe r fo rmance  ob jec t i ves  a re  p resen ted  
i n  f i g u r e  26  as  determined  f rom  the NYU code. A l l  data  presented,  unless 
o therw ise  ind ica ted ,  have the  boundary- layer  t rans i t ion  loca t ions  f i xed  a t  
5% chord.   In  some cases  where  a  large  leading-edge  peak  occurred  before 
5% chord ,  the  f low was a l l o w e d  t o  t r a n s i t i o n  n a t u r a l l y  a t  t h o s e  p o i n t s .  
I n  t h e  f o l l o w i n g  d i s c u s s i o n  t h e  p e r f o r m a n c e  o f  t h e  new a i r f o i l  will be 
eva lua ted  re la t i ve  to  the  ta rge t  charac ter is t i cs  under  each aerodynamic  
pe r fo rmance   ob jec t i ve .   I n   add i t i on ,   t he   pe r fo rmance   o f   t he  new a i r f o i l  and 
the  FX69-H-098 a i r f o i l  will be  compared t o  a s s i s t  i n  q u a n t i f y i n g  any 
impor tant  improvements resul t ing f rom the new design. 
Aerodynamic .. .- Performance  Objective No.  1 .  - T h i s   o b j e c t i v e   r e q u i r e s  the 
m a p i t u b  of the section pitching-moment co$ficient for the new ai$oiZ to 
be Zess thrm o r   e q a Z  to 0.020 a t  a Zif  t cog f i c i en t  of zem and a Mach m m -  
berof 0.30. As i n d i c a t e d   i n   f i g u r e   2 5 ( d )  and  summarized i n  f i g u r e  27, t h i s  
o b j e c t i v e  was achieved. The p r e s s u r e  d i s t r i b u t i o n  f o r  t h i s  c o n d i t i o n  i s  
p r e s e n t e d  i n  f i g u r e  2 6 ( a ) .  
Aerodynamic  Performance  Objective No. 2. - T h i s . o b j e c t i v e  r e q u i r e s  the 
maximum Z i f t  coefficient of the new airfoiZ to equaZ or exceed a vaZue of 
1.5 at a Mach  number of 0.40. The p r e s s u r e  d i s t r i b u t i o n  c o r r e s p o n d i n g  t o  
t h i s   c o n d i t i o n   i s   p r e s e n t e d   i n   f i g u r e   2 6 ( b ) .  A comparison o f   t h e   p r e s s u r e  
d i s t r i b u t i o n  f o r  t h e  new a i r f o i l  i n  f i g u r e  2 6 ( b )  t o  t h e  d e s i g n  p r e s s u r e  d i s -  
t r i b u t i o n   i n   f i g u r e  13 i n d i c a t e s  good agreement. I n   p a r t i c u l a r ,  i t  can be 
seen that   the  shock Mach number i s   approx imate ly   1 .4 ,wh ich   i s   the   ta rge t  
va lue .   Fu r the r ,   t he   p red ic ted   separa t i on   l oca t i on  on  the  upper   sur face  ( re f .  
8) i s   a t   a p p r o x i m a t e l y  90% chord .   Unpub l ished  cor re la t ions   o f  maximum l i f t  
a t  low  speeds f o r  a i r f o i l s  w i t h  t r a i l i n g - e d g e  s t a l l  show t h a t  maximum l i f t  
i s  reached when separat ion i s  i n d i c a t e d  a t  80 t o  90% chord  using  convent ional  
t u r b u l e n t   b o u n d a r y - l a y e r   s e p a r a t i o n   c r i t e r i a .  Thus, i t  can  be  concluded  from 
t h e  p r e s s u r e  d i s t r i b u t i o n  i n  f i g u r e  2 6 ( b )  t h a t  a maximum l i f t  c o e f f i c i e n t  o f  
1.5 can  probably be ach ieved a t  M=0.40 w i th  the  new a i r f o i l  d e s i g n .  
Aerodynamic  Performance  Objective No. 3. - T h i s  o b j e c t i v e  r e q u i r e s  the 
drag-rise  Mach  number of the new airfoiZ be equaZ  to or exceed 0.81 at Cg = 0. 
The t h e o r e t i c a l  d r a g  c o e f f i c i e n t  f o r  t h e  new a i r f o i l  i s  p l o t t e d  v e r s u s  Mach 
number i n  f i g u r e  27 a t  a l i f t  c o e f f i c i e n t  o f  z e r o .  As can be  seen, t h i s  
o b j e c t i v e   i s   a c h i e v e d .  
The p r e s s u r e  d i s t r i b u t i o n  f o r  t h e  new a i r f o i l  a t  ~ = 0 . 8 1  and C R = O  i s  
p resen ted   i n   f i gu re   26 (e ) .  The l o c a l  Mach number preceeding  the  upper  sur- 
face  shock i s  1.18 which i s  s l i g h t l y   h i g h e r   t h a n   d e s i r e d .  The lower-surface 
leading-edge  pressure  peak,  which was p r e c i p i t a t e d  a t  t h i s  f l o w  c o n d i t i o n  by 
the  nose  droop, i s   undes i rab le .  However, the   p ressure   peak   i s   to le ra ted   s ince  
the  nose  drop i s  r e q u i r e d  t o  meet t h e  h i g h e r - p r i o r i t y  CRmax ob jec t i ve  (no .  2 ) .  
Aerodynamic  Performance  Objective No. 4. - T h i s  o b j e c t i v e  r e q u i r e s  the 
magnitude of the  pitching-moment  coefficient f o r  the new airfoiZ to be  Zess 
than or equaZ  to 0.015 at  Mach  numbers Zess than 0.70 f o r  a Zift coefficient 
of  zero. The p i t c h i n g  moment r e s u l t s   a r e  summarized i n   f i g u r e  27. As can 
be seen, the  new a i r f o i  1 meets  the  requ i red  ob jec t ive .  
Aerodynamic  Performance  Objective No. 5. - T h i s  o b j e c t i v e  r e q u i r e s  the 
drag ZeveZ of the new airfoi Z be Zess than or equa Z to 0.0080 at a Mach  nwnber 
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of 0.60, a lift coeff3cient of 0.60, and a  ReynoZds  nwnber of 6 x l o 6 .  The pre- 
d i c t e d  d r a g  c o e f f i c i e n t  r e s u l t s  a t  M 3 0 . 6 0  f o r  t h e  new a i r f o i l  a r e  summarized 
i n  f i g u r e  28 f o r  b o u n d a r y - l a y e r  t r a n s i t i o n  f i x e d  a t  5% chord and for  f ree 
t r a n s i t i o n .   W i t h   t r a n s ' i t i o n   f i x e d   a t  5% chord ,   t he   p red ic ted   d rag   l eve l   i s  
S i g n i f i c a n t l y   h i g h e r   t h a n   t h e   t a r g e t   l e v e l .   F o r   f r e e   t r a n s i t i o n ,   t h e   t a r g e t  
d rag   l eve l   i s   ach leved .  The p r e d i c t e d  t r a n s i t i o n  l o c a t i o n s  were 9% chord  on 
the  upper  surface  and 73% chord  on  the  lower  surface.  Since a laminar  run 
of 73% chord  cannot  be  expected i n  p r a c t i c e ,  i t  can  general ly  be  concluded 
t h a t  t h i s  o b j e c t i v e  c a n n o t  be  met by the new a i r f o i l  a t  t h e  s p e c i f i e d  Reynolds 
numbe r . 
The p ressu re  d i s t r i bu t i on  i nd i ca t i ve  o f  t h i s  ae rodynamic  pe r fo rmance  
o b j e c t i v e   i s   p r e s e n t e d   i n   f i g u r e   2 6 ( d ) .  Comparison o f   t h i s   p r e s s u r e   d i s t r i -  
b u t i o n  t o  the  Region I l l  d e s i g n  p r e s s u r e  d i s t r i b u t i o n  i n  f i g u r e  16 i n d i c a t e s  
t h e  d e s i g n  c r i t e r i a  were  general ly  met. The maximum upper-surface Mach number 
(1 .21)  fo r  the  new a i r f o i l  was s l i g h t l y  h i g h e r  t h a n  t h e  t a r g e t  v a l u e  o f  1.16. 
Separat ion  o f   the  upper-sur face  boundary- layer  was i n d i c a t e d  a t  x / c = . 9 6 .  The 
p o s s i b i l i t y  o f  a d d i t i o n a l  p r e s s u r e  d r a g  due to  separa t i on  fu r the r  m in im izes  
the  chances o f  t h e  new a i r f o i  1 t o  ach ieve  the  d rag  l eve l  o f  0.0080 requ i red  
by t h i s  o b j e c t i v e .  
Aerodynamic - Performance Objective No. 6. - The o b j e c t i v e   r e q u i r e s  the 
section Zift coefficient of the new air fo iZ  to  equaZ or exceed a vaZue of 
7.5 at  a Mach  number of 0.50 and a section drag coefficient of 0.0500. A 
c a l c u l a t e d  p r e s s u r e  d i s t r i b u t i o n  f o r  C,=1.5 and  M=0.50 i s  shown i n  f i g u r e  
2 6 ( c ) .   T h i s   p r e s s u r e   d i s t r i b u t i o n   i s   p r o b a b l y   n o t   r e p r e s e n t a t i v e   o f   t h e  
rea l   f low  s ince  the  shock Mach number i s  v e r y  s t r o n g  (Ms = 1.70). No doubt, 
cons ide rab le   separa t i on   i s   p resen t .   Cu r ren t   ana ly t i ca l   ana lys i s  methods do 
no t  p roper ly  account  fo r  separa t ion ;  hence, 1 i t t l e  can  be s a i d  as to  whether  
t h e  a i r f o i l  can support  a l i f t  c o e f f i c i e n t  o f  1.5, o r  what  the  resu l t ing  drag  
level   would  be.  I t  i s   c o n j e c t u r e d ,  however, t h a t   t h e  l i f t  c o e f f i c i e n t   f o r  
the new a i r f o i l  would  approach 1.5 fo r  Cd= .0500  and M = . 5 0  s i n c e  l i t t l e  degra- 
d a t i o n  i n  CRmax i s  n o t e d  f o r  a s i m i l a r l y  shaped a i r f o i l  (FX69-H-098) between 
M=0.4 and M=0 .5  ( re f .  23) .  
Aerodynamic Performance Objective No. 7. - T h i s  o b j e c t i v e  r e q u i r e s  the 
magnitude of the pitphing-moment coefficient of the n m  airfoiZ  be  Zess than 
o r  e q m Z  to 0.020 at a Mach  nwnber of 0.30 and  over a lift coefficient range 
of zero to one. The computed p i t c h i n g  r e s u l - t s  f o r  t h e  new a i r f o i l  a r e  g i v e n  
i n  f i g u r e  2 5 ( d )  and  summarized i n  f i g u r e  28 f o r  t h e  f l o w  c o n d i t i o n s  o f  t h i s  
per formance  ob ject ive.  As can  be  seen  f rom  f igure 28, t h e  new a i r f o i l  meets 
the requi red aerodynamic performance. 
Aerodynamic  Performance  Objective No. 8. - T h i s  o b j e c t i v e  r e q u i r e s  the 
drag coefficient of the new airfoiZ be  Zess than o r  e q m Z  to 0.0200 at a 
Mach number 0.02 above the drag-rise Mach number at zero Zift. A measure 
o f  t h e  p e r f o r m a n c e  o f  t h e  new a i r f o i l  w i t h  r e s p e c t  to t h i s  o b j e c t i v e  can be 
o b t a i n e d   f r o m   f i g u r e  27. As i n d i c a t e d   p r e v i o u s l y ,   t h e   d r a g - r i s e  Mach number 
i s  a p p r o x i m a t e l y   0 . 8 1 .   F o r   t r a n s i t i o n   f i x e d ,   t h e   p r e d i c t e d   d r a g   l e v e l   o f  
the  new a i r f o i l  a t  M ~ + 0 . 0 2  ( o r  M = 0 . 8 3 )  i s  a p p r o x i m a t e l y  0.0122  which i s  
cons ide rab ly   h ighe r   t han   t he   t a rge t   va lue   o f  0.0100. The ta rge t   inc rementa l  
drag  between  M=0.70  (aerodynamic  performance  objective  no. 12)  and  M=O.83 
i s  30 drag  counts .   Th is  compares w i t h  a drag  increment o f  42 drag   counts   fo r  
the  new a i r f o i l .   W i t h   f r e e   b o u n d a r y   l a y e r   t r a n s i t i o n   ( f i g .   2 7 ) ,   t h e   d r a g  
c o e f f i c i e n t  a t  M = 0 . 8 3  and C i = O  i s  0.0106  which i s  c l o s e  t o  t h e  t a r g e t  v a l u e .  
Pred ic ted  boundary  layer  t rans i t ion  loca t ions  were  approx imate ly  30%  and 5% 
chord on the  upper and lower  su r faces  respec t i ve l y .  
The p r e s s u r e  d i s t r i b u t i o n  r e p r e s e n t a t i v e  o f  t h i s  p e r f o r m a n c e  o b j e c t i v e  
i s  p r e s e n t e d   i n   f i g u r e   2 6 ( f ) .  A compar ison   w i th   the   des ign   p ressure   d is t r i -  
b u t i o n  i n  f i g u r e  7 ( b )  i n d i c a t e s  g e n e r a l  agreement w i t h  t h e  d e s i g n  c r i t e r i a  
s p e c i f i e d   f o r  good h igh-speed/ low- l i f t   per formance.  The Mach number preceding 
the  shock wave on the  upper  sur face  is  1.20  and i s  s l i g h t l y  h i g h e r  t h a n  d e s i r e d .  
Aerodynamic  Performance  Objective No. 9.  - T h i s  o b j e c t i v e  r e q u i r e s  the 
Mach number for rapid  increase in pitching-moment coefficient due to com- 
pressibizity, referred to as  the "pitching-moment break" and indicated by 
a sZope of dCm/&=-O.25, be equaZ to or greater than  the drag-rise Mach 
number. I n s p e c t i o n   o f   f i g u r e  27 i n d i c a t e s   t h e   p i t c h i n g  moment b r e a k   f o r  
28 
t he  new a i   r f o i  1 t o   o c c u r   a t  MT = 0.825 which exceeds the drag r ise Mach number 
o f  0.81. Hence, the   requ i rements   o f   th is   per fo rmance  ob jec t ive   a re  met. 
Aerodynamic " ~ . . Performance  Objective No. 10. - T h i s   o b j e c t i v e   r e q u i r e s  t he  
parameter M2Cm be maintained less than 0.01 and  greater than -0.04 for  aZZ 
Mach  numbers Zess than MD  and for  a Z i f t  coefficient of zero. This  requ i re -  
ment i s  t r a n s l a t e d  i n t o  t h e  t a r g e t  p i t c h i n g - m o m e n t  c o e f f i c i e n t  c u r v e  p r e s e n t e d  
i n  f i g u r e  27.  From t h i s  f i g u r e ,  it can be seen that   he  p i tch ing-moment   re-  
s u l t s  f o r  t h e  new a i r f o i l  a r e  w i t h i n  t h e  p e r m i s s i b l e  l i m i t s  s p e c i f i e d  by t h i s  
per formance object ive.  
Aerodynamic - Performance  Objective No. 1 1 .  - T h i s   o b j e c t i v e   r e q u i r e s  the  
gentlest possibZe staZZ t o  occur  near m d m w n  Z i f t  over a  Mach number range 
of  0.3 and 0 .4 .  I t  i s  we1 1 known t h a t  t h e  g e n t l e s t  s t a l l  o c c u r s  ( r e f .  24) 
when t h e  f l o w  s e p a r a t e s  f i r s t  a t  t h e  t r a i  1 ing-edge and progressively moves 
forward. As discussed  above  under  object ive no.  2, primary  emphasis i n  t h e  
design was p laced  on  suppress ing  the  leading-edge  s ta l l .   A l though  no  quant i -  
t a t i v e  s t a t e m e n t  can be made concern ing the type o f  s t a l l ,  i t  i s  a n t i c i p a t e d  
t h a t  a g e n t l e  s t a l l  will occur .   Th is   con jec ture   i s   suppor ted  by  the  gent le  
s t a l l  r e s u l t s  o b s e r v e d  on  the FX69-H-098 a i r f o i  1 ( r e f .  23)  and i t s  aerodynamic 
s i m i l a r i t y  t o  t h e  p r e s e n t  d e s i g n .  
Aerodynamic  Performance  Objective No. 12.  - T h i s  o b j e c t i v e  r e q u i r e s  the  
sec t ion  drag c o e f f i c i e n t  fo r  the  new airfoiZ be Zess than 0.0070 a t  Mach 
numbers Zess than 0.71 (MD-O.1O) f o r  a l i f t  c o e f f i c i e n t  of zero. As shown 
i n  f i g u r e  27 f o r  f i x e d  t r a n s i t i o n  a t  5% chord,  the drag is  9 t o  12 counts 
h i g h e r  f o r  t h e  new a i r f o i  1 t han   t he   t a rge t   va lue .   Fo r   f ree   t rans i t i on  (M=0 .6  
t y p i c a l ) ,   t h e   d r a g   l e v e l   i s  0.0074 ( f i g .  27) w i t h  t h e  t r a n s i t i o n  l o c a t i o n s  a t  
approximately 20% and 4% chord,  respect ively,on the upper and lower surfaces. 
The lower -su r face   l ead ing -edge   p ressu re   sp i ke   ( i . e . ,   f i g .   26 (a ) )   p roh ib i t s  a 
long run  o f  laminar  f low on the lower  sur face at  low l i f t  c o e f f i c i e n t s .  
- " 
Comparison o f  - New A i  r f o i  1 and FX69-H-098 A i  r f o i  1 .  - 1.n o r d e r   t o   q u a n t i f y  
f u r the r  the  pe r fo rmance  o f  t he  new a i r f o i l ,  a comparison i s  made w i t h  t h e  
FX69-H-098 a i r f o i 1 , w h i c h   i s   c u r r e n t l y   i n   o p e r a t i o n a l   u s e .  A comparison o f  
t h e  p r e s s u r e  d i s t r i b u t  
a i   r f o i  1 are  presented 
I ,  I t ,  and 1 1 1 .  
ions 
i n  f 
for  t h e  new a i r f o i l  w i t h  t h o s e  f o r  t h e  FX69-H-098 
i g u r e  29 f o r  c o n d i t i o n s  r e p r e s e n t a t i v e  o f  Regions 
In  f i gu re  29 (a )  compara t i ve  resu l t s  a re  shown f o r  a  Mach number o f  0 .4 
and l i f t  c o e f f i c i e n t  o f  1.5 (Region 1 1 ) .  The leading-edge  peak Mach number 
o f  the  new a i r f o i l  (Mg=  1.61) i s  cons ide rab ly   l ower   t han   t ha t   f o r   t he  FX69-H- 
098 a i r f o i l   (Mg=1 .91 ) .   A l so ,   t he   upper -su r face   shock   i s  weaker f o r   t h e  new 
a i r f o i l .  T h i s  w o u l d  seem t o  i n d i c a t e  t h e  new a i r f o i l  has a h i g h e r   p o t e n t i a l  
Cgmax than  the FX69-H-098 a i r f o i l .  The t r a i l i n g - e d g e   s e p a r a t i o n   l o c a t i o n s  
as p r e d i c t e d  by the  NYU program are approx imate ly  the same; however, i t  must 
be  recogn ized  tha t  t he  boundary - laye r  rou t i nes  i n  th i s  code  do n o t  p r o p e r l y  
a c c o u n t  f o r  e f f e c t s  due t o  shock-wave/boundary-layer i n t e r a c t i o n .  
A p r e s s u r e  d i s t r i b u t i o n  c o m p a r i s o n  i n d i c a t i v e  o f  R e g i o n  I l l  o p e r a t i n g  
c o n d i t i o n s  f o r  t h e  new a i r f o i l  and the  FX69-H-098 a i r f o i l  i s  p r e s e n t e d  i n  
f i g u r e   2 9 ( b ) .  As can  be  seen, the FX69-H-098 has  very l i t t l e  s u p e r c r i t i c a l  
f low (peak Mg = 1 .OS) whereas the  new a i r f o i  1 has a f a i r l y  s t r o n g  shock and 
s u c t i o n  peak  (peak  Mg=1.21). The new a i r f o i l  wou ld   mos t   ce r ta in l y   exh ib i t  
an i n c r e a s e   i n  wave d r a g  r e l a t i v e  t o  t h e  FX69-H-098 a i r f o i l .  The t r a i l i n g -  
edge separa t i on  l oca t i ons  fo r  t he  two  a i r f o i l s  a re  comparab le .  
The comparison o f  p r e s s u r e  d i s t r i b u t i o n  r e s u l t s  f o r  t h e  two a i r f o i l s  
a t  M=0.83 and a l i f t  c o e f f i c i e n t   o f   z e r o   ( R e g i o n  I )  i s  shown i n  f i g u r e  2 9 ( c ) .  
The upper- and lower-sur face shocks for  the new a i r f o i  1 a r e  weaker  than 
those  fo r   the   FX69-H-098.a i r fo i l .  No t xa i l i ng -edge   separa t i on  was i n d i c a t e d  
f o r  e i t h e r  a i r f o i l .  As a resu l t   o f   t he   reduced   shock   s t reng ths   f o r   t he  new 
a i r f o i l ,  i t  i s  expec ted  tha t  the  drag- r ise  Mach number f o r  t h e  new a i r f o i l  
w i  1 1  be h i g h e r  r e l a t i v e  t o  t h e  FX69-H-098 a i r f o i  1 .  
From the  above  comparison, i t  appears  that   the new a i r f o i l  o f f e r s  p o t e n -  
t i a l  improvement i n  p e r f o r m a n c e  r e l a t i v e  t o  t h e  FX69-H-098 a i r f o i l  a t  low Mach 
n u m b e r / h i g h - l i f t   c o n d i t i o n s  and a t  h i g h  Mach number / l ow- l i f t   cond i t i ons .   Fo r  
c o n d i t i o n s  c h a r a c t e r i s t i c  o f  h o v e r ,  t h e  new a i r f o i l  does n o t  a p p e a r  t o  y i e l d  
the performance of  the FX69-H-098 a i   r f o i  1 .  
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Design Evaluat ion - Geometr ic  Constra in ts  
The basic geometry o f  t h e  new a i r f o i l  has p r e v i o u s l y  been discussed. 
I n  t h i s  s e c t i o n  t h e  new a i r f o i l  will be a n a l y z e d  r e l a t i v e  t o  t h e  s p e c i f i c  
g e o m e t r i c  c o n s t r a i n t s  l i s t e d  i n  t h e  r o t o r  d e s i g n  o b j e c t i v e s .  
Geometr ic  Constraint  No. 1 .  - T h i s  c o n s t r a i n t  s p e c i f i e s  t h a t  the  new 
airfoiZ shape must be as easy t o  manufacture and maintain in   t he   f i eZd  as 
shapes  cwlrentZy i n  use. From f i g u r e  23 i t  can be seen t h a t  t h e  new a i r -  
f o i l  i s  smooth  and r e g u l a r  w i t h  a shape resembl ing  tha t  o f  the  FX69-H-098 
a i r f o i l  ( f i g .  4 ) .  Thus, i t  would  appear  that  he shape o f  t h e  new a i r f o i l  
would be no more d i f f i c u l t  t o  m a n u f a c t u r e  t h a n  o t h e r  r o t o r  s e c t i o n s  ( s u c h  
as the FX69-H-098 a i r f o i l )  c u r r e n t l y  i n  use. 
Geometr ic  Constraint  No. 2. - T h i s  c o n s t r a i n t  r e q u i r e s  t h a t  the  neu 
air foiZ thickness  rat io  be greater than or equal t o  0.10. I n s p e c t i o n  o f  
t h e   a i r f o i l   c o o r d i n a t e s   i n   t a b l e  I I  i n d i c a t e s   t h e   a i r f o i l   t h i c k n e s s   r a t i o  
i s  exac t l y  O . lO , the reby  mee t ing  the  spec i f i ed  cons t ra in t .  
Geometr ic  Constraint  No. 3 .  - T h i s  c o n s t r a i n t  r e q u i r e s  t h a t  the  air-  
f o i l  cu t  o f f  t h i ckness  be greater than .2% chord but Zess than .5% chord. 
The new a i r f o i l  t r a i l i n g  edge th ickness i s  0.3% chord   ( t ab le  I I )  which i s  
w i th in   the   a l lowab le   th ickness   range.  
Geometr ic Constraint  No. 4. - T h i s  c o n s t r a i n t  r e q u i r e s  t h a t  minor  con- 
tour deviations, typicaZ of manufacturing t o  Zerances and moderate variations 
i n  Zeading-edge roughness shouZd have negZibZe e f f e c t  on aerodynamic 
characteris t ics .  Increased roughness on the a i  r fo i  1 has e s s e n t i a l  l y  t h e  same 
e f f e c t  as a change i n  Reynolds number as long  as  the  roughness i s  u n i f o r m .  
The la rges t  expec ted  change  would  be  on  the a b i l i t y  o f  t h e  a i r f o i l  t o  main- 
t a i n  a long  ex ten t   o f   laminar   f low.   Wi thout  a d e t a i l e d  roughness  analysis 
i t  i s   n o t   p o s s i b l e   t o   d e t e r m i n e   t h e   q u a n t i t a t i v e   e f f e c t s   o f   r o u g h n e s s .  How- 
ever,  the new a i r f o i l  i s  n o t  e x p e c t e d  t o  be  more s u s c e p t i b l e  t o  roughness 
e f f e c t s  t h a n  o t h e r  r o t o r  a i r f o i l s  i n  c u r r e n t  use. 
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To inves t i ga te  the  e f fec t  o f  manu fac tu r ing  to le rances  on  the  pe r fo rmance  
o f  t h e  new a i r f o i l ,  a bump  was added to  the  upper -sur face  o f  the  lead ing-edge.  
The bump o r ig ina tes  a t  t he  l ead ing -edge  and  extends t o  10% chord. The bump 
was symmetrical and o f   s inuso i .da l  shape. Two  bump he igh ts   were   inves t iga ted  - 
.06% chord and .18% chord. The r e s u l t s  on a i r f o i l  p r e s s u r e  d i s t r i b u t i o n s  
t y p i c a l   o f  Regions I and I I  a r e   i n c l u d e d   i n   f i g u r e s  30 and 31.  The .06% chord 
bump h e i g h t  has h a r d l y  any e f f e c t  o n  t h e  a i r f o i l  p e r f o r m a n c e .  The .18% chord 
bump p roduces  h igh l y  l oca l i zed  e f fec ts ,  bu t  does not  appear  to  change t o  any 
l a rge  degree  the  a i r f o i l  pe r fo rmance .  
METHODOLOGY  ASSESSMENT 
The a e r o d y n a m i c  d e s i g n  l o g i c  a s  s e t  f o r t h  i n  t h i s  r e p o r t  f o r  t h e  d e v e l -  
opment o f  a new r o t o r  a i r f o i l  p e r s u a n t  t o  t h e  s p e c i f i e d  a e r o d y n a m i c  p e r -  
formance object ives and geometr ic  const ra in ts  appears to  be sound  as  evid.enced 
by the  per fo rmance pred ic t ions  fo r  the  new a i r foJ1  meet ing  or  exceed ing  the  
primary  aerodynamic  performance  targets. However, bet ter  aerodynamic 
c r i t e r i a  a r e  needed, p a r t i c u l a r l y  i n  Region I I  t o  d e f i n e  more p r e c i s e l y   t h e  
aerodynamic  ondi t ions  corresponding  to  C when t ranson ic   f l ow   i s   p resen t .  
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The computer  programs  used i n  t h i s  d e s i g n  e x e r c i s e  f o r m  a compat ib le 
framework t h a t  can  be  used f o r  r o t o r  s e c t i o n  d e s i g n  and analys is .   Severa l  
def ic iencies  in  the  computer  programs  were  h ighl ighted,  however,   dur ing  the 
methods evaluat ion  (Appendix A) and  the  rotor  sect ion  development.  The more 
impor tan t  o f  these de f ic ienc ies  are  no ted  be low and  should be c o r r e c t e d  i n  
t h e  f u t u r e  by add i t i ona l  research  to prov ide  a h ighe r  con f idence  leve l  i n  
t h e  a i r f o i l  p e r f o r m a n c e  as p r e d i c t e d  by these  programs. 
1 .  
2. 
3 .  
4. 
Addi t ional  work should be u n d e r t a k e n  t o  e x t e n d  t h e  v a l i d i t y  o f  t h e  
Car lson  des ign  program  to   inc lude  the  leading-edge  reg ion  in   order   to  
e l i m i n a t e  t h e  s p e c i f i c a t i o n  o f  a leading-edge  shape. 
D e v e l o p  b e t t e r  s e p a r a t i o n  c r i t e r i a  and separat ion models for  a1 1 pro- 
grams t o  a l l o w  c a l c u l a t i o n s  when a s i g n i f i c a n t  amount o f  s e p a r a t i o n  i s  
present  . 
Drag c a l c u l a t  
r e v i s i o n .  Th 
ion  procedures  in  the  NYU p rog ram a re  no t  re l i ab le  and  need 
i s  i n c l u d e s  p r o f i l e  d r a g  as w e l l  as wave drag. 
The accu racy  o f  t he  p i t ch ing -moment  p red ic t i on  i n  the  NYU program i s  
o n l y  f a i r .  Research   shou ld   con t inue  to   improve  th is   por t ion   o f   the  
program.  This may r e q u i r e  a more sophist icated  boundary- layer  code  than 
c u r r e n t l y  e x i s t s  i n  t h e  NYU code. 
The c o u p l i n g  o f  a e r o d y n a m i c  d e s i g n  c r i t e r i a  w i t h  a u n i f i e d  a i r f o i l  de- 
s i g n  and ana lys is   p rocedure   y ie lds  a v iab le   approach  to  advanced r o t o r  
sec t ion   des ign .  The  computer  programs  used i n  t h i s  e f f o r t  a l l o w  t h e  d i r e c t  
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t r a n s l a t i o n  o f  s p e c i f i e d  a e r o d y n a m i c  d e s i g n  c r i t e r i a  i n t o  a i r f o i l  geometry 
and the  subsequent  ana lys is  o f  the  geomet ry  a t  o f f -des ign  cond i t ions  t o  a 
l eve l  o f  con f i dence  cons ide rab ly  h ighe r  than  has he re - to - fo re  ex i s ted .  
The overa l l  methodo logy  descr ibed in  th is  repor t  shou ld  be e x t e n s i b l e  
t o  r o t o r  s e c t i o n  d e s i g n s  w i t h  s l i g h t l y  m o d i f i e d  o p e r a t i n g  c o n d i t i o n s  o r  
des ign   cons t ra in t s .  The aerodynamic  design c r i t e r i a  w o u l d  n o t  h o l d  f o r  
h i g h l y  cambered a i r f o i l s  such as t h a t  used on a i r c r a f t  w i n g s .  I f  new aero- 
dynamic  design c r i t e r i a  were  deve loped,  however ,  the  un i f ied  a i r fo i l  des ign  
and ana lys i s   p rocedure   ( f i g .  17) can s t i l l  be used w i th   con f i dence .  
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CONCLUSIONS 
A new, advanced r o t o r  a i r f o i l  has been designed u t i l i z i n g  s u p e r c r i t i c a l  
a i r f o i l   t e c h n o l o g y  and theo re t i ca l   t r anson ic   des ign  and a n a l y s i s  methods. The 
a i r f o i l  was des igned to  meet s t r i ngen t  geomet r i c  des ign  cons t ra in t s  and  numer- 
ous weighted aerodynamic performance object ives cover ing the complete spectrum 
o f  r o t o r  o p e r a t i n g  c o n d i t i o n s .  
Some o f  t h e  more impor tan t  conc lus ions  o f  t h i s  des ign  e f fo r t  a re  desc r ibed  
below. 
1 .  The ove ra l l   des ign  and analysis  methodology, as d e s c r i b e d   i n   t h i s  
repor t ,   can be assessed as adequate fo r   t he   pu rpose   o f   des ign ing  a 
r o t o r  s e c t i o n  t o  meet the speci f ied aerodynamic performance object ives 
and geomet r ic   cons t ra in ts .  The methodology i s  e x t e n s i b l e  t o  t h e  d e s i g n  
o f  r o t o r  s e c t i o n s  w i t h  o p e r a t i n g  c o n d i t i o n s  n o t  c o n s i d e r a b l y  d i f f e r e n t  
f rom those cons idered in  th is  exerc ise .  
2. Cons i derab 
w i t h  t h e  c l o s e  
c r i t e r i a .  
l e  compromising o f  t h e  r o t o r  d e s i g n  was requ i  red  to  dea l  
l y  r e l a t e d ,  o f t e n  c o n f l i c t i n g  r e q u i r e m e n t s  o f  t h e  d e s i g n  
3. A l l  o f   the   ta rge t   low  p i tch ing-moment   charac ter is t i cs   were   ach ieved 
by the new a i r f o i l  d e s i g n  even  though  nose-droop was requ i red  f rom 
h i g h - l i f t  c o n s i d e r a t i o n s .  
4. The new r o t o r  s e c t i o n  i s  p r e d i c t e d  t o  a c h i e v e  a maximum l i f t  
c o e f f i c i e n t  o f  1 .5  a t  0.4 f reest ream Mach number. 
5. The p r e d i c t e d  z e r o - l i f t  d r a g - r i s e  Mach number o f  t h e  new a i r f o i l  
i s  0.81 a t  RN = 8.1 x106.   Th is  matches the   t a rge t   va lue .   I n   genera l  
the  var ious  ta rge t  d rag  leve ls  cannot  be ach ieved un less  the  ro to r  
operat ing env i ronment  will permi t  modera te- to -subs tan t ia l  reg ions  o f  
l a m i n a r  f l o w  t o  e x i s t  o n  t h e  a i r f o i l .  
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6. When compared w i t h  t h e  FX69-H-098  advanced r o t o r  a i r f o i l ,  t h e  p e r -  
formance o f  t h e  new d e s i g n  i s  p r e d i c t e d  t o  be super io r  a t  l ow-speed /h igh -  
1 i f t  and  high-speed/low-1 i f t  opera t i ng  cond i t i ons .  Fo r  t yp i ca l  hove r  
cond i t ions  (modera te  Mach nurnber/moderate 1 i f t )  the performance o f  t h e  
new a i r f o i l  i s  not expec ted  to  ma tch  tha t  o f  t he  FX69-H-098 a i r f o i l .  
APPENDIX A 
EVALUATION  OF  DESIGN/ANALYSIS  METHODS 
In this  section,  the  Carlson  (ref.6)  and  the NYU (ref. 8) codes  will  be 
evaluated  as to their  predictive  accuracy. In particular,  their  strong  points 
and  weaknesses  will  be  identified.  The  Ames  optimization  procedure  (ref. 7) 
is not evaluated p e r s e  since  the  predictive  accuracy  of  this  method is di- 
rectly  keyed to the  accuracy of the  analysis  method  coupled in the  program 
(Jameson  code  (ref. 1 7 ) ) .  The  Jameson  code is essentially an inviscid  version 
of  the NYU code and its  evaluation  is  implicit in the  evaluation  of  the 
inviscid  portion  of  the NYU program. 
Carlson  Design  Method 
In figure 32,  the  correlation  of  the  actual  and  predicted  coordinates  for 
the  NACA  0012  airfoil  using  the  Carlson  airfoil  design  method is  presented. 
The input pressure  distribution  was  computed  for  inviscid,  transonic  conditions 
using  the NYU analysis  method.  As  can  be  seen,  the  agreement  between  the 
predicted  solution and the  actual  airfoil  is  excellent. 
A second  correlation  of  the  Carlson  program is  presented in figure 33.  
This  example  uses  as input the  experimental  pressure  distribution  for  the 
Lockheed-Georgia Co. LG4-612  airfoil  as  obtained in the  Lockheed  Compressible 
Flow  Faci 1 ity.  This  airfoil  at  the  conditions  shown  has  fairly  strong  shock 
wave.  Further,  the high aft  loading  of  the  airfoil  results in a substantial 
boundary-layer  growth  over  the  rear  of  the  airfoil.  Inspection  of  the  corre- 
lation  of  the  actual  airfoil  with  the  calculated  solid  airfoil  (fluid  airfoil 
minus  boundary-layer  displacement  thickness)  shows  good  agreement  back  to  about 
70% o f  the  airfoil  chord.  The  disagreement  over  the  remainder  of  the  airfoil 
can  be  attributed  to  the  inadequacy  of  the  boundary-layer  routines  to  cope 
with  the  extensive  pressure  gradients  present  for  this  case. It will  also  be 
noted  that  separation  was  indicated  to  occur  near  the  trailing-edge  on  the 
upper-surface,  and no provision  for  this  is  included in the  program. 
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The above  example i s   cons ide red   t o  be an extreme  case.  For  rotor  sec- 
t i ons  wh ich  a re  no t  a f t - l oaded  and  have m i l d  t r a i l i n g - e d g e  p r e s s u r e  
recover ies ,   the   Car lson   p rogram  shou ld   be   expec ted   to   y ie ld  good r e s u l t s .  
NYU Analysis Method 
The NYU v i s c o u s  t r a n s o n i c  a i r f o i l  a n a l y s i s  method will be evaluated 
r e l a t i v e  t o  e x p e r i m e n t a l  d a t a  o b t a i n e d  o n  f o u r  a i r f o i l s  o f  d i f f e r e n t  d e s i g n  
concept : 
o NACA 0012 a i r f o i l  
o NACA 64A010 a i r f o i l  
o NASA 11% s y m m e t r i c a l   s u p e r c r i t i c a l   a i r f o i l  
o FX69-H-098 a i   r f o i  1 
The c o r r e l a t i o n s  were accomplished for each a i r f o i l  a t  t h r e e  f l o w  c o n d i t i o n s :  
(1 )  condit ions  approaching  low-speed  maximum-l i f t ,   (2)  hover  (M=0.6, 
C,=0.6) ,  and ( 3 )  z e r o - l i f t  d r a g - r i s e .  
I n  f i g u r e  34, t he  resu l t s  f rom the  NYU a i r f o i l  a n a l y s i s  program  are com- 
pared  w i th   exper imenta l   da ta   fo r   the  NACA 0012 a i r f o i l  f r o m  r e f e r e n c e  25. The 
p r e s s u r e - d i s t r i b u t i o n  c o m p a r i s o n  f o r  f i g u r e  3 4 ( a )  i s  good desp i te  a smal l  
amount o f  t r a i l  ing-edge  separation. The NYU program does no t  p roper ly  account  
fo r   separa t i on ;  hence,   the   la rge   d isc repancy   in   d rag   i s   no t   surpr is ing .  The 
c o r r e l a t i o n  f o r  t h e  h o v e r  c o n d i t i o n  p r e s e n t e d  i n  f i g u r e  3 4 ( b )  a l s o  i n d i c a t e s  
good  agreement. The p r e c i s e  t r a n s i t i o n  l o c a t i o n  was n o t  known f o r  any o f  t h e  
exper imen ta l   t es ts   i n   re fe rence  25, t hus   i n t roduc ing  unknowns in to   t he   d rag  
comparisons. The c o r r e l a t i o n  o f  p i t c h i n g - m o m e n t  c o e f f i c i e n t  f o r  b o t h  con- 
d i t i o n s  i s  o n l y  f a i r .  The d i sc repancy   i s  due t o   i n a c c u r a c i e s   i n   b o t h   t h e  
pressure  recovery and load ing   ove r   t he   l as t  20% t o  30% o f  t h e  a i r f o i l .  A g a i n ,  
inadequate modeling o f  v i s c o u s  e f f e c t s  o v e r  t h e  t r a i l i n g - e d g e  r e g i o n  o f  t h e  
a i r f o i l  i s  r e s p o n s i b l e  f o r  t h i s  d i s c r e p a n c y .  The zero-1 i f t ,  h i g h  Mach number 
comparison i n  f i g u r e  3 4 ( c )  i n d i c a t e s  a l e v e l  s h i f t  between  the  theory  and 
e x p e r i m e n t .   T h i s   l e v e l   s h i f t   c o u l d  be  due t o  an  inadequacy i n   t h e   t h e o r y  
o r  due t o  e r r o r s  i n  t h e  e x p e r i m e n t a l  d a t a  (i .e., w a l l  i n t e r f e r e n c e  e f f e c t s ) .  
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Data from reference 26 a r e  compared t o  r e s u l t s  f r o m  t h e  NYU program f o r  
the NACA 64A010 a i r f o i l  i n  f i g u r e  35. I n   g e n e r a l ,   t h e   p r e s s u r e   d i s t r i b u t i o n  
c o r r e l a t i o n s   a r e   v e r y  good. D i f f e rences  shown i n   f i g u r e   3 5 ( a )   a r i s e  due t o  
t h e   p r e s e n c e   o f   s e p a r a t i o n   n e a r   t h e   a i r f o i l   t r a i l i n g  edge. All exper imental  
da ta   were   ob ta ined .w i th   na tu ra l   t r ans i t i on .  The discrepancy  near  the  shock 
wave i n  f i g u r e  3 5 ( c )  i s  due t o   t h e   l a m i n a r  shock-wave/boundary-layer i n t e r -  
act ion that  occurred exper imenta l ly ;  whereas,  the theory approx imates a t u r -  
b u l e n t   i n t e r a c t i o n .  The disagreement i n  pitching-moment i s  comparable t o   t h a t  
ev idenced for  the NACA 0012; bo th  a re  cons iderab ly  over  p red ic ted .  
The co r re la t i on   o f   expe r imen ta l   da ta   f o r   t he  11% s y m m e t r i c a l  a i r f o i l  
w i t h  r e s u l t s  f r o m  t h e  NYU program i s  g i v e n  i n  f i g u r e  36.. The p r e s s u r e  d i s t r i -  
b u t i o n  c o r r e l a t i o n  i s  g e n e r a l l y  good over  most o f  t h e  a i r f o i l  w i t h  t h e  excep- 
t i on   be ing   nea r   t he   t ra i l i ng -edge .  A s h i f t  i n  t h e  shock l o c a t i o n   i s   a l s o   n o t e d  
i n   f i g u r e   3 6 ( c ) .  The theory  appears  to  underpredict   he  drag and t h e   l e v e l   o f  
nose-up  p i tch ing-moment   fo r   cond i t ions   in   f igures   36(a)  and 36(b) .  However, 
a t  z e r o - l i f t  c o n d i t i o n s  t h e  NYU program  appears t o  p r e d i c t  t h e  d r a g  l e v e l  
q u i t e  w e l l  o v e r  a wide Mach number range as i n d i c a t e d  i n  f i g u r e  37. 
The cor re la t ion  o f  exper imenta l  da ta  f rom re fe rences  23 and 27 f o r  t h e  
FX69-H-098 a i r f o i  1 w i th  the  resu l t s  f rom the  NYU code are  presented  in  
f i g u r e s  38 and 39 r e s p e c t i v e l y .  The agreement  between  theory and experiment 
shown i n   f i g u r e s   3 8 ( a )  and  38(b) ,   representa t ive   o f   low-spqed/h igh- l i f t  and 
h o v e r  c o n d i t i o n s ,  i s  s i m i l a r  t o  t h a t  shown p r e v i o u s l y  f o r  t h e  o t h e r  a i r f o i l s .  
However, the  comparison i n  f i g u r e  3 8 ( c )  f o r  t h e  h i g h  Mach number / l ow- l i f t  
cond i t ion   representa t ion   o f   Reg ion  1 i s   p o o r .  A s i m i l a r  comparison t o  t h a t  
o f  f i g u r e  3 8 ( c )  i s  p r e s e n t e d  i n  f i g u r e  39 us ing  the  da ta  o f  re fe rence 27. 
As can  be  seen,  the  agreement i s  good. The r e s u l t s  i n  f i g u r e  3 8 ( c )  and 39 
a re  i nc luded  to  po in t  ou t  t ha t  poo r  co r re la t i on  i s  no t  a lways  the  i nadequacy  
o f  t he  theo ry ,  bu t  can  be due t o  e x t r a n e o u s  e f f e c t s  on the exper imenta l  data 
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TABLE I I AERODYNAMIC PERFORMANCE OBJECTIVES 
FIRST  PRIORITY SECOND PRIORITY THIRD  PRIORITY 
(3) M, 1 0 1 8 1  a 
* C a = O  
(9) M, 2 M, 
(8) C d  I. 0,0100 j~ 
M = M, + 0 02 
* c , = o  
i (6) C,?1,5 a 
M = 0,50 
C, = 0,0500 i 
(11) GENTLEST  POSSIBLE 
0 , 3 0 ~ M ~ O I 4 0  
STALL a 
I 
T A B L E  I I .  - D E S I G N   C O O R D I N A T E S   O F   R O T O R   A I R F O I L  
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TABLE I l l .  - CAMBER  AND T H I C K N E S S   D I S T R I B U T I O N  























































. 0 1077 
.01215 
.01317 
. o I 382 
.01451 
.O 1465 
. 0 1447 
.01411 
. 0 1365 
.01314 























. 00 187 














































. 0 1678 




. O O  150 
44  
" 
.. .. - . . . . . . .. . . . - - . . . .
1 ,2  
, 8  
c, 
I 4  
0 
REGION I 1  
RETREATING  BLADE  STALL, 
FORWARD FL IGHT 
REGION I I I 
HOVER w R.EG1ON I 
ADVANCING  BLADE DRAG RISE, 
FORWARD FL IGHT 
I 4  I5 I 6 
MACH  NUMBER 
.7 , 8  I9 





REQU I REMENTS 




AERODY  NAM I C 
PERFORMANCE 
OBJECTIVES 
F igure  2.  - Rotor sect ion des ign process.  
014 
006 
I 3 D 4  ,6 I 7  D 8  I 9  
= 0.1 
M 
F igure  3. I 1  l u s t r a t i o n  o f  aerodynamic  performance  object ives.  
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I 
NACA 0010 AIRFOIL 
48 
NACA  64A010 A I RFO I L 
NASA 11% SYMMETRICAL  SUPERCRITICAL  AIRFOIL 
FX 69-H-098 
Figure 4 .  - Sketch of various airfoil shapes applicable 







I 2  
F i g u r e  5.  - Compari 
a i   r f o i  1 
(Upper 
,6 ,8 100 
x /  c 
son o f  s lope d iagrams for  var ious 
sur face  only . )  
shapes a p p l i c a b l e  t o  r o t o r  s e c t i o n s .  
49 
AIRFOIL a 'm 'd - 0010 0 0 .0123 
"" 64AO 10 0 0 .0114 
11% s /c  0 0 .0098 
" - FX69-H-098 - 1.24 - .Ob5 .0138 
" 
- 1 0  
B 
7 4  
0 
0 






.M = 0 ,60 
Cg = 0 
- UPPER SURFACE 
----- LOWER SURFACE 
x/ c 
a .   Subcr i t i ca l   des ign   p ressure   d is t r ibu t ion .  
M = 0,83 




b.   Transonic  design  pressure  d istr ibut ion.  
F igure 7. - Aerodynamic  design c r i t e r i a  f o r  Region I .  
APPROXIMATE CREST LOCATION 




APPROXIMATE CREST LOCATION 





UPPER  SURFACE (+ dy/dx) 
LOWER SURFACE ( -  dy/dx) ""_ 
"""-"" 
I 2  ,4 ,6 , 8  L O  
x/ c 
Figure 8. Geometric  illustration o f  design  criteria. 
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c 
SON IC BOUNDARY 
EAK SHOCK  WAVE 
. , _ _ . . . . . .  . . .  ~ - .... . -  - . .. . .  I 
M - 
Figure 9. - Schematic illustration of supercritical flow phenomena 
for  Region I .  
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3 I 0038 





I 2  14 ,6  , 8  1 1  0 
1 I I 1 
x/  c 
Figure 10. - E f f e c t  o f  p r e s s u r e  d i s t r i b u t i o n  shape over  the  rear  o f  the  
a i r f o i l  on a i r f o i l  performance i n  Region I .  M = 0.83, 
R N = 8 . 3  X l o 6 ,  [ X T / C ]  = .05. 
- 1 8  
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0 
I 4  
x/c 
Figure 11. - E f f e c t  
i n  Reg 
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t ra i l ing-edge  pressure  leve l  on a i r f o i l  performance 
1 .  M=0.83, RN = 8.3 x l o 6 ,  [X,/C] = .Os. 
"0 I 04 
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1 1 %  s/c 1.63 
-" FX69-H-098 1.77 
0010  1.60 
" 
I 08 I 12 
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a. 0 > X / C  > 0 .2  
F igure  12. - Comparison o f  Region I I theo re t i ca l   pe r fo rmance   fo r   f ou r  
- - 
a i r f o i l   c o n c e p t s .  M = 0.40, a = 1 2 O ,  i nv isc id ,   upper  
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0 I 2  14 16 
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b .  X / C  0 .2 
F i g u r e  12. - Concluded. 
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UPPER  SURFACE 








b .  Zero lift design pressure distribution. 
P 
M 
Figure 14. - Schematic  illustration o f  supercritical 
f 1 ow phenomena f o r  Reg  ion I I . 
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8 4  
, 8  
A I  RFOl L a c m  c d  
- 0010 4.48 .024 .0087 
11% s/c 4.78 .029 .0110 
"- FX69-H-098 3.22 -.006 .0084 
""_ 64AO 10 4.59 .015 .0098 
 
0 1 2  I 4  ,6 
x/c 
. . . . . . . 
I -2 1 
L O  
F igu re  1 5 .  - Comparison o f  Region I l l  t heo re t i ca l   pe r fo rmance   fo r  
f o u r  a i  r f o i  1 concepts. " 0 . 6 0 ,  C g =  .60, RN = 6x106, 
[X,/C] = .05. (Upper   sur face o n l y ) .  
M = 0,6 
C, = 0,6 
UPPER SURFACE 
LOWER SURFACE "" 
x /  c 
Figure 16. - Aerodynamic  criteria  for  Region I I I .  
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PROGRAM INPUT 
D E S I G N   A I R F O I L  
I 
0 DESIGN  PRESSURES 
0 I N I T I A L  GEOMETRY I WITH  PRESCRIBED -  
L E A D I N G  EDGE 
c 





0 FLOW CONDIT IONS I I  I O P T I M I Z E   A I R F O I L  I 
0 O P T I M I Z A T I O N  k d  L E A D I N G  EDGE 
VAR I ABLES 
(AMES) 
- 
0 FLOW CONDIT IONS 
0 CONTROL  PARAMETERS  AT DESIGN  ANDOFF- "-w 
I . A N A L Y Z E  A I  R F O l  L 
' 
* I   
I DES I GN COND I T I ONS 
I N P U T  
L 
& F I N I S H E D  
62 
. _. . . . . . " .. . .. . . . . . . . .. 
"0 m2 I 4  , 8  
x/c 
F igu re18  . - I n i t i a l   i n p u t   d e s i g n   p r e s s u r e   d i s t r i b u t i o n   ( R e g i o n  I) for   Car lson 
program. M = 0.83, C = 0, RN = 8.3x106, [X,/C] = .05. 
2. 
64 
I 2  
Y / C  0 
-12 





x / c  , 6  ,8  L O  
b .   P r e s s u r e   d i s t r i b u t i o n .  M=0 .83 ,  C = 0 ,  
RN = 8 . 3  X IO6., [X,/C] = .05. R 
Figure  19. - I n i t i a l  i n p u t  a i r f o i l  shape to   the  Car lson  program 
and a t r a n s o n i c  p r e s s u r e  d i s t r i b u t i o n  t y p i c a l  o f  
i t s  Region I performance. 
Y/C 
I 2  
0 
- ,2  
- ,8  
- I 4  
CP 
0 
I 4  
I 2  
a .   A i r f o i l  shape. 
I 4  ,6  x/c 
" ? !  
j 
/ i  
b .   P r e s s u r e   d i s t r i b u t i o n .  M = O . 8 3 , .  Ca=O, 
RN = 8.3 X l o 6 ,  [ X T / C I  = .05. 
F i g u r e  20. - F i n a l  a i r f o i l  shape r e s u l t i n g  f r o m  a p p l i c a t i o n  
of Car l son  p rog ram and  p ressu re  d i s t r i bu t i ons  
t y p i c a l  o f  the  pe r fo rmance  in  Reg ions  l and  t i .  
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-10,o 
- 8 1  0 
-610 
CP 
- 2 , o  
0 
2 , o  
0 I 
x/ c 
, 6  , 8  1 
c.  P r e s s u r e   d i s t r i b u t i o n .  M=0 .40 ,  a =  1 2 O ,  i n v i s c i d .  
F i g u r e  20. - Concluded. 
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-8,O 
-6 , c  






O O  
I 
I 04 I 08 
x/ c 
Figure  21. - Target   lead ing-edge,   upper -sur face   d is t r ibu t ion   fo r  
Region 1 I .  M = 0.40, Ck = 1.5, RN = 4x106,  [X,/C] = 0. 
I 2  
Y/C 0 
- ,8  
cp 0 
I 4  
I 2  
b.  
a. A i r f o l l  shape 
l 4  x/c ,6  I3  L O  
P r e s s u r e   d i s t r i b u t i o n .  M=0.83, c,=o, 
R N  = 8 . 3  X l o 6 ,  [X,/C] = .05. 
F i g u r e  22. - I n t e r m e d i a t e  a i r f o i l  shape r e s u l t i n g   f r o m   a p p l i -  
c a t i o n  o f  Arnes p r o g r a m  a n d  p r e s s u r e  d i s t r i b u t i o n  
t y p i c a l  o f  t h e  p e r f o r m a n c e  i n  R e g i o n s  I, I I and I 1 1 .  
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. .  
,6 ,a  
c. Pressure distribution. M=0.40,  CR=l.j), 
R N = ~  X l o 6 ,  [X,/C] = .05. 




1 1  I 4  
x/c 
d. P r e s s u r e   d i s t r i b u t i o n .  M-0.60,  C R  = 0.60, 
RN = 6  X l o 6 ,  [X,/C] .05. 
F igure  22. - Concluded. 





0 I 2  ,6 
x / c  
(a) Surface slope distribution. 
Figure 24. - Rotor  airfoil  geometry. 





0 I 2  I 4  ,6  
x/ c 
(b)  Camber and thickness distribution. 
Figure 24. - Continued. 
73 
NYU PROGRAM (REF. 8) 
EMPIRICAL  ESTIMATE "" 116 
1,2 




- I  4 - 4  0 0 0 0 0 0 0 0 
a 
Figure 25. - Predicted  aerudynamic  characteristics  of  the 





" 0  0 0 0 
Drag c o e f f i c i e n t s ,  
Figure 25. 
101 
M=0.3  t o  0.75 
Con t I nued . 
I 02 I 03 
112 
I 4  
0 
0 0 0 101 I 02 
ca 
I 03 I 04 
( c )  Drag coefficients, "-0.80 to 0.90 
Figure 25. - Continued. 
I 05 
I 4  
0 
04 0 0 0 0 0 0 0 0 crn 
(d)  Pi tching-moment  coeff ic ients 
F igure  25. Cone 1 uded . 
a .  "0.30, C k = O ,  R ~ = 3 ~ 1 0 ~  












, 6   , 8  
x/c 
Mx0.40,  C,=1.5, R ~ = 4 ~ 1 0 ~  








2 " ~ 
0 I 2  I 4  , 6  
x/ c 
c. M=0.50,  Cg=1.5, R ~ = 5 ~ 1 0 ~  
F igure 26. - Continued. 











U I L  14 , 6  13 110 
x/c 
d. M=0.60, C g = O . 6 ,  R N = ~ x  10" 
F igu re  26. - Continued,. 
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- ,8 
- 1 4  
0 
I 4  
0 I 2  I 4  , 6  
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